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Astroparticle Physics with the MINOS Far Detector
by Eric William Grashorn

ABSTRACT

Since August 2003, the MINOS Far Detector collected over @ifam underground muons at Soudan
MN, USA. As the temperature of the atmosphere changes, teeaittion height of incident cosmic rays
changes, which affects the production of muons that are sedarground. A four percent peak-to-peak
seasonal fluctuation was seen over a period of four yearghalias highly correlated to the measured
temperature variations of the upper atmosphere over the gmriod. The coefficient relating changes
in the muon rate to changes changes in atmospheric temperaty, was found to bear = 0.877 +
0.010 (stat.)£0.017 (syst.). A new model was developed to describe the obserfiedt,eand is the first
to include the contribution from kaons. This model predigis= 0.865 + 0.015. The first measurements
of charge separated seasonal variations were repoate@lz™) = 0.782 + 0.056 (stat.) 4+ 0.02 (syst.),
ap(pu~) = 0.788+£0.066 (stat.)+0.02 (syst.). The observed difference between the pion-onlp&rature
coefficient and the kaon-inclusive temperature coeffici#loived a measurement of the atmospherig K/
ratio =0.21 + 0.08.

A high significance observation of two muon signals, the shadf the sun and moon, have been seen.
The shadow of the moon was observed at thdével, and the shadow of the sun was observed at the 4.3
level. The angular resolution of the detector was found t0.62° using dimuons, and the two dimensional
shadowing distribution was used to quantify the absolutetpm of the detecto.15 £ 0.10°.

A cosmic ray point source search was performed, and notitatly significant source was found. In
the absence of a source, 95% flux limits were placed on cosagisaurces. The minimum flux limit was
2.7 x 10716 cm~2s~!, which is comparable to the previous best limit set by MACRLY|. Using the 239
Gamma Ray Bursts (GRBs) of the first Swift catalog a searchgace-time coincidence between neutrino
induced muons and GRBs was performed. In the absence ofstistdly significant coincidence, 90% flux
limits were placed on neutrino production in GRBs. Assumariy/axman-Bahcall neutrino spectrum [3],
the average 90% flux limit was found to b& x 108 GeVem~2s~!. This new limit is slightly better than
the MACRO [4] and AMANDA [5] limits as well as the theoretidahit set by cosmic rayd]6]7], but does
not constrain the model.
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Chapter 1

Introduction

For every question that a scientist answers, it seems twe @@ asked. The discovery of the
Big Bang makes one wonder what caused it and what existedebtifis event; the discovery of
Dinosaurs begs the questions why aren’t there such masegiguces on earth these days and how
did they disappear. The discovery of cosmic rays in the 10B8gged many questions as well.
From where do they originate? Why are there so many, evemgh&Coming out of space and
incident on the high atmosphere, there is a thin rain of ddhmarticles known as the primary cos-
mic radiation” [9]. These patrticles, ranging from barelNat@&istic electrons to ultra-relativistic
iron nuclei, hold an entire universe of information to beagied by the careful experimenter. There
are also more exotic particles eager to divulge secretsytoremwho will listen; most abundant is
the ghost-like, flavor changing neutrino that streams uiadietst from a stellar death. Particle de-
tectors are as far removed from the cartoon telescopes ysmahtic-book astronomer stereotypes
as the origin of the particles they study are from the medificoaventional astronomy, but they
are producing tantalizing, tangible results. There areaets that get a trip outside of the Earth’s
atmosphere to get a pure cosmic signal, detectors tiedhegetith complex timing systems to
pick up individual drops of extended air showers, and deeajerground detectors that minimize
noise with rock overburden to filter unwanted patrticles.



1.1 The Brief Historical Context

Shortly before the turn of the Twentieth Century, the depeient of the Cathode Ray Tube gave
rise to a flourish of research in the phenomena phosphorescam fluorescence. While inves-
tigating these wonders at the University of Wirzburg, With Conrad Roentgen noticed that he
could see the outline of his bones when he placed his handebatthe CRT and fluorescent
screen. The 1901 Nobel Prize for Physics, the first ever, wasded to Roentgen for the discov-
ery of X-rays and ushered in a new era of physics, one in wisdration would dominate. Further
understanding of electromagnetic phenomena via the uskecfa@scopes led to the curious ob-
servation that no matter the quantity of insulation, chasti would leak from these devices.
Some researchers took their electroscopes to the topd biitlalings, and the inconclusive results
suggested that erratic radioactivity levels in the divdnsitdding materials caused these variations.
An electroscope was carried to the top of the Eiffel Tower91@ by Father Thomas Wulf with
the hypothesis that the radiation from the ground would sodded by the increasing volume
of air, resulting in a greater charge retention. The chasgention was actualljower than he
had expected, which lead to the suggestion that there wigicadcoming down through the at-
mosphere, a radical claim for the time. To test this hypdthesperiments using balloons were
devised to reach greater heights and see if there reallyddmikadiation raining down from the
sky. In 1911, Austrian Victor Hess flew in a balloon with hig&roscope, and noted that by the
time he reached 5 km above sea level, radiation levels haddared dramatically. With his em-
pirical findings in hand, Hess claimed the cause must be “taa-#arrestrial source of penetrating
radiation” [9]. Hess received the 1936 Nobel prize for hiscdivery [10]. Hess and the German
Werner Kohlhorster made many measurements over the engaiars, with Kohlhorster flying
balloons to altitudes of 9 km, while drawing the ire of physie who were slow to believe the
claim that radiation could actually originate in space. Aicaen Robert Millikan began his own
investigations with the intent to disprove the findings &f Buropean counterparts.

Millikan studied this radiation phenomenon using detectoballoons over San Antonio, TX.
His findings did not agree with his European colleagues, anddserted that there was no evi-
dence of radiation of extra-terrestrial genesis. As it suonit, both parties were correct for “we
now know that Millikan’s findings of low intensities, thoughbrrect, were produced by the Earth’s
magnetic field, which is very different over Texas and Eufdpé He was still mystified by the
origin of this cosmic radiation, and developed an experitmlemethod that is still used today. He



3
lowered detectors into deep mountain lakes, because heeghat the particles attenuate much
more in water than they do in air, given that the total thidsef the atmosphere corresponds to
only 10 meters of watef [10]. He thought this would help hinbé&tter understand the absorption
length of cosmic rays, but it actually added to the confusiince they have very different ab-
sorption lengths in air than water. Through repeated erpamtation, Millikan eventually came
to recognize that this radiation did originate in the cospamal he even suggested they be called
cosmic rays, a moniker that stuck. His suggestion was tigbedact that he believed this radia-
tion was from gamma rays bombarding the atmosphere. Hisvidsashown to be erroneous, and
another American, Arthur Compton, was correct in statirgf this energetic stream came from
charged particles. In spite of that fact, the name cosmidivag on to describe the thin rain of
primary cosmic radiation.

About this same time, Wolfgang Pauli pondered a similarhuliing puzzle. Experimental
investigation of beta decay (where a neutron decays int@tiprand an electron), a decay that
often occurs during nuclear fission, revealed that the gnefghe neutron was not the same
as the energy of the electron and proton combined. This eppa&iolation of one of the most
widely held symmetries of the universe, the conservaticenefgy, had profound ramifications for
science as a whole. Certain that some unknown mechanisnt waska(and that energy was truly
conserved), Pauli postulated that this “missing energys varied away by a new, “undetectable”
particle. This particle had no mass (like the photon) and marge (like the neutron), which
meant that it was impossible to observe. Fortunately, éxyanttalists have never shied away from
observing the impossible. In 1956 Fred Reines and Clyde @og@orted the first detection of the
neutrino [11], the name given to this mysterious, chargelight particle by the Italian physicist
Enrico Fermi. Neutrino means “little, neutral one” in l&h. Reines and Cowan used a reactor at
the Savannah River Nuclear Plant in Aiken, South CarolirfdAlds their neutrino source, and the
study of neutrinos as byproducts of nuclear interactiomsrmted Raymond Davis, Jr. and John
Bahcall to search for neutrinos coming from the sun as a fesblar models. They succeeded
in 1968, showing the first evidence for extraterrestrialtrinas [12/13]. Since their discovery,
neutrinos have proved mysterious enough to inspire aneestib-field of high energy physics,
complete with departments in national laboratories andcdéel international conferences.

While Davis and Bahcall were physicists engaged in purenseién the 1960's, the cold war
prompted the expansion of physics departments to providertAnpower to develop high-tech
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weaponry and monitoring systems. After the signing of thé3LPartial Test Ban treaty, which
forbade nuclear tests in the atmosphere, outer space armd watker, the United States launched
the first pair of Vela (Spanish farigil) satellites. These satellites had X-ray, neutron and gamma
ray detectors and could detect a nuclear explosion comarg fthe earth, either in the atmosphere
or underground. A number of explosions were observed, bthdésurprise of many, these were
coming fromouter spaceln 1973, three Los Alamos scientists, Ray Klebesadel, teon§ and
Roy Olson, made the first report of cosmic Gamma-Ray Burdlk [Lhese incredibly energetic,
short duration (one to tens of seconds) outbursts of highgrgetic photons have been shown to
have X-ray and optical components and originate in distafdxjes. The combination of their
enormous power output, transient nature and uncertainnongke Gamma-Ray Bursts viable
candidates for astrophysical particle sourc¢es([15,13, 2,88 19 200, 21,22].

While they have been studied for nearly 100 years, theretéirenany mysteries surrounding
astrophysical particles. The field is in its infancy, withyotwo widely accepted extraterrestrial
sourc the sun([12, 13] and Supernova 1987Al[33, 34]. Both of thesg\were; a supernova
is a one-time event) neutrino sources within our galactighteorhood. Neutrinos could offer a
probe complementary to electromagnetic radiation intosthécture of cosmic bodies. Addition-
ally, neutrinos can be used to detect dark matter when itdote in the sun[3%, 36, 37,138], to
provide confirmation of the Greisen-Zatsepin-Kuz'min (GZ%9,/40] effect of cosmic ray an-
nihilation with the Cosmic Microwave Background radiati@®MB) and advance warning of a
supernova (so astronomers can direct their telescopelk)4Emic rays, despite their innocuous
composition (hydrogen, other lighter elements and irofgrahese questions: How could an atom
be accelerated to the energy of a 100 mile per hour tenni8 Mty does the spectrum change
around the so called “knee”1 @ eV, an electron Volt (eV) is the amount of energy contained in
one fundamental charge, the charge of an electron, actedeby a potential difference of one
\olt. This corresponds ta.602 x 10~°J) , then change again around the so called “ankle”,
10'® eV? Is there an end to the cosmic ray spectrum (the GZK effegit)ce there is a net galactic
magnetic field, any charged particle with energy less ttaf eV that enters the galaxy would be
deflected from its original trajectory; it should not poirddk to its source. A source discovery

1 There are reports that the X-ray binary system Cygnus X-3sisuaice of cosmic ray$ [P3.14]25] 2624, 28], and
there are other reports that Cygnus X-3igt a source of cosmic ray5l[2.129.180, 1] 31, 32]. Owing to the exttius
political climate surrounding this astronomical objecthoose to neither confirm nor deny that this is a source of
astrophysical particles.
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could mean either that the source is nearby, which runs eotmour understanding of a uniform
cosmic ray sky, or that this is the signal from some exotiblsteneutral particle. Finding a source
could help to unravel these mysteries. In addition to irgiene their own right, the study of cos-
mic rays and neutrinos produced by Gamma-Ray Bursts coddazhtly to the understanding of
these mysterious objects.

1.2 The MINOS Experiment

The Main Injector Neutrino Oscillation Search (MINOS) isang-baseline neutrino oscillation
experiment. It consists of three major components: A muartrim® (v,) beam, Neu-
trinos at the Main Injector (NuMI), provided by the Main lgjer at Fermi National Accelerator
Laboratory in Batavia, IL, the Near Detector about 1 km frdma heutrino beam target, to detect
the initial neutrino flux; and the Far Detector in Soudan, Mdpbserve the final neutrino flux.
The 735 km journey through Wisconsin, the western tip of L8kerior, and the Iron Range of
northern Minnesota, will give the muon neutrinos the opyaity to oscillate to one of the other
types of neutrino, electron or tau. Thg flux (number per unit time over the entire beam) at the
Far Detector is predicted to be about half of that seen at #er Wetector, and a clearer image
of neutrino oscillations will be produced. The aforemenéd neutrino beam began operation in
January, 2005, while the Far Detector was already runninb kath supermodules in operation
by July, 2003, and the collaborators, in an effort to be gdediards of the $60 million taxpayers
invested in their dream, did not let their detector lie ididith its flat rock overburden, half-mile of
rock shielding, and nearly six kiloton total mass, the MINEX8 Detector is conveniently situated
to double as a muon telescope and atmospheric neutrinovalbagr Studies of cosmic ray muons,
while interesting in their own and the basis of the followiagalyses, provide useful calibration
of the detector, a process to refine calibration constants aa opportunity for the highly skilled
technicians working full time on site to streamline mairroe and repair procedures. Atmo-
spheric neutrinos provide a source of neutrinos with whicidies of neutrino oscillations can be
performed, a perfect complement to the neutrinos that raigi in the beam. The MINOS
collaboration is an international effort, with major fundi coming from the U.S. Department of
Energy, the U.S. National Science Foundation, Great BrteBcience and Technology Facilities
Council, and the State and University of Minnesota. MINOSitations cover five countries over
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Figure 1.1: The path of the neutrino beam from Batavia, IL; to Soudan, lNway of Wisconsin.
Also, the Main Injector and Tevatron on the Fermilab campeasshown in an aerial
photograph.



MINOS experiment

Argonne » Athens * Benedictine » Brookhaven « Caltech « Cambridge » Campinas
Fermilab » Harvard « lIT » Indiana « Minnesota-Duluth « Minnesota-Twin Cities
Oxford = Pittsburgh = Rutherford = Sao Paulo = South Carolina » Stanford
Sussex » Texas A&M » Texas-Austin  Tufts « UCL » Warsaw « William & Mary

Figure 1.2: The far reaching, diverse representation of the MINOS boltation.



three continents, and has representation in both hemisgher

1.3 Physics Beyond the Design with the MINOS Far Detector

Terrestrial detections of cosmic rays are indirect in ratdrhat is to say that the primary cosmic
ray itself is not detected, but rather the products that ezated by the cosmic ray’s interaction
with particles in the atmosphere creating extensive aiwghns, which are seen as energy deposi-
tion in a detector. There are two classes of cosmic ray iotieras: hadronic and electromagnetic.
Electromagnetic interactions produce electrons, pasitrand photons, while hadronic interac-
tions tend to produce pions and kaons which decay to muorth ggmnma rays and cosmic rays
can produce an electromagnetic shower, but only cosmicwélmteract hadronically, and this
can be seen in the detection of muons. While electromagebktiwers dissipate upon reaching
the earth, muons can penetrate kilometers of rock beforerekpg all of their energy.

MINOS has a unique place in the discussion of a cosmic rayceoWhile it is not designed
for the study of cosmic rays (see dB. 3 on plgk 36), it is opdhifor muon detection. The
shadow of the moon has been observed with a degree of pmecisiothe pointing capacity of
the detector has been determined (see[Ch. 7 on [page 128)tiohdtly, it has been running
for nearly five years, which has allowed the collection offisiént muons to observe seasonal
variations in the muon flux (Chl 5 on pagéd 78), observe the wosay shadow of the sun and the
moon (Ch[¥ on pade_IP8) and make a statement on the topicoplagsical cosmic ray sources
(Ch.[8 on pag€&139). It possesses a magnetic field that wollvatharge sign determination, a
first for an underground detector. This makes a direct olasienv CPT violation in the leptonic
sector possible, and it also allows a glimpse into the pdigibf a 1™ source having different
properties than @~ source.

1.4 Personal Contributions

Graduate students working on an experiment expect to sjrmedcanalyzing data, but they do not
always have a hand in construction. | was fortunate enoudfedgin working on MINOS as the
Near Detector construction was about to commence. | spensdummer of 2004 at Fermilab,
assisting in the assembly of the Near Detector hardwaretanihitial calibration of the detector.
Much of the time was spent with my hands on the detector, littgoptical cables to the detector
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plane (Ch[B on padeB6) that had previously been set in placee the scintillator module cables
(Sec[3P on padeB8) and light injection fibers (£ed. 3.5 ged@®) were in place, the plane was
scanned for light leaks before it was buried by the next pldread a hand in writing software
to analyze the photomultiplier tube (SEC13.4 on dagde 45)uiub see that the readout was up to
specification. In addition to these hardware activitiesydte a true cosmic ray airshoweéfonte
Carlo (Sec[4.3P on padeb9). This is an upgrade from the underdrparameterization that has
been used, because it included multiple muons and infoomatbout the cosmic ray primary and
meson secondaries.



Chapter 2

Astroparticle Phenomenology

Primary cosmic rays are energetic particles of extratereg®rigin that interact with atoms in the
upper atmosphere to produce showers of mesons (predoiyiraand K). These mesons either
interact again and again or decay into electrons, neut@maolsthe long lived, penetrating muons
that are the cosmic ray signal in the MINOS Far Detector. Titi@gries can be as light as an
electron (though cosmic electrons are not seen by MINOSusecthey cannot penetrate the rock
overburden), as heavy as a uranium nucléus$ [42] (though cossbic rays are protons) and can
have energies as high a8%° eV! (While at approximately 10 J this is many orders of magni-
tude smaller than common plastic explosives, let alone amiatbomb, consider a single atom,
weighing at mos10~2° kg, in possession of that much energy. This is the same asrthard of
energy stored in a professionally served tennis ball! géss the imagination.) It is not possible
to trace a cosmic ray back to its source the way one tracesphbick to a star since cosmic rays
are charged particles moving through a non-uniform gatantagnetic field. Neutral particles do
point back to their origin, but offer their own set of obsdiwaal difficulties. Neutrons have a very
short lifetime, a 1 GeV neutron will only travel 1.8 AU (Astromical Unit, the distance from the
Sun to the Earth].5 x 10° km) before it decays. Most acceleration mechanisms requinadae
than 10 minutes to accelerate particles to ultra-relatvisnergies ¢ ~ ¢ = 3 x 10° km/s, the
speed of light in vacuum). Neutrinos are also neutral ang l@rg lived, but they interact very
infrequently. It takes a light-year (the amount of distafigt travels in a year9.5 x 10'2 km)

of lead to reliably stop one neutrino! Despite such a lowraxtdon probability, the incredibly

10
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high flux that could be produced by astronomical objects abo'° neutrinos from nuclear reac-
tions on the sun pass through a thumbnail every second) niadiesletection possible by a large,
patient detector.

2.1 Cosmic Rays

Little is known about Ultra-High Energy cosmic ray prodactj as no source has yet been found.
Cosmic rays are predominantly ionized hydrogen (protasiai,e hydrogen makes up the majority
of the visible matter in the universe as a consequence ofithigamg. Helium, carbon and oxygen
are the end result of nuclear fusion processes in many siarkthey compose another large
fraction of the observed cosmic rays. Iron is the most masslement that can be created in
stellar fusion processes and thus a major contributiongatmpaosition of cosmic rays. Cosmic
rays of intermediate mass elements are also seen, but inmi@ies abundance, as a result of
stellar evolution and stellar deaths. Main sequence stiinsmasses up t8M, ( one solar mass,
M = 1.99 x 1033 g) will never have core temperatures high enough to contihadttsion chain.
As the temperature of their core rises it contracts and eginto a white dwarf, which accelerates
and ejects its outer shell, creating winds of various eldmeSBtars up td.5M create helium
winds, 0.5 — 5M create carbon winds, artd5 — 5M;, create oxygen winds. Stars greater than
7M., can attain core temperatures great enough to fuse magnésiariton, where the fusion
chain stops. The core temperature continues to rise, wieiatisl to a gravitational collapse or
supernova. This provides the iron content seen in cosmi@rayaries, and nucleosynthesis in
supernova also create small quantities of heavier cosmicthat have been observed. Despite our
understanding of stellar nucleosynthesis, the chemiaah@dénces of cosmic rays is inconsistent
with the known chemical abundances in the galaxy [43].

The greatest question in cosmic ray physics is whether thiles are accelerated near point
objects or by large scale acceleration processes. It ifylitkeat both play an important role.
Particles of GeV energies are created in solar flaresjraniu spacecraft have measured particles
accelerated to MeV energies by the solar wind. These sorteechanisms do not provide enough
power to accelerate particles to energies abVé eV, however, which is why this is such an
interesting question.
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2.1.1 Acceleration

The problem of cosmic ray acceleration consists of two goest what provides the power to
the accelerator, and what is the mechanism by which the cosays are accelerated. There is
a lot of speculation and no direct evidence to the first qaestaind a growing body of literature
describing an answer to the second.

While the exact nature of the accelerator’s power mechaissrat known, power requirement
arguments restrict the possibilities to a few classes adaibj Active Galactic Nuclei (AGN) are
some of the most luminous objects in the universe, radiatiray many if not all of the electro-
magnetic spectrum. This luminosity is thought to be causethé radiation of material falling
into a super-massive black hole at the center of the galaxgcént result by the Pierre Auger Ob-
servatory [44] (see Selc.Z.B.1 on page 28) suggests a cmmeksetween their 27 highest energy
cosmic rays and the location of nearby AGNI[45, 46]. This doaisprove that AGN are cosmic
ray progenitors, though it is an interesting result. Gamrag Bursts (GRB), short duration out-
bursts of extremely energetic photons, are thought tomaigi from hypernovae, the gravitational
collapse of an enormous star with an energy one hundred tineeser than an average supernova.
GRB could provide enough energy to accelerate a particleeab®' eV and will be discussed
in detail in Sec[Z]2 on padel25. There are other radio-loydctd (quasars and BL Lacertae
objects) as well as topological defects (monopoles, cosiniitgs) that could power a cosmic ray
accelerator, though these are a bit more exofic [47].

Shock acceleration is a mechanism by which “kinetic enefgnaving magnetized plasma
(is transferred) to individual charged particles, ther@imreasing the energy per particle to many
times its original value and achieving the non-thermal gnelistribution characteristic of particle
acceleration[[43].” This “moving magnetized plasma” cobéda diffuse gas cloud or a supernova
blast wave, and the mechanism was first described by Ferthi [4&re are two kinds of Fermi
acceleration, first and second order. They are distingdiéiyethe fact that the amount of energy
astrophysical shocks transfer to individual particlesnspportional to the velocity of the shock,
while the amount of energy diffuse gas clouds transfer ttiglas is proportional to the square of
the velocity of the cloud. In both cases energy is transtelnethe collisionless interaction of the
particle with irregularities in the magnetic field of the ghaa. Interaction with a diffuse gas cloud
can be seen in Fig2.1 on the following page. The interactf@nanergetic particle with an
astrophysical shock front is shown in FigI2.2 on pade 14.
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E, P,

Figure 2.1: The interaction of a cosmic ray with the magnetic irreguiesi of an ionized gas cloud,
moving with velocity V. This figure was taken froin [47].

Second-order shock acceleration was Fermi's original ih§€8]. Relative to the moving
cloud, there is no change in energy because the interactitimelen the particle and the cloud is
collisionless (elastic) and the cloud is much more masdia@ the particle. The interaction of
the cosmic ray with irregularities in the cloud causes randihanges in the direction in which
the particle is moving. The particle takes a random walk patbugh the cloud, and once the
particle has gained sufficient energy to emerge from thed;lds original direction of motion is
lost. One entry and exit from a cloud is referred to as an emewuand the particle experiences a
net energy gain. The overall amount of energy an ultrakg$it particle gains in the encounter



Figure 2.2: The interaction of a cosmic ray with the magnetic irregtiesi of an astrophysical
shock front, moving with velocitys. This figure was taken fron [47].

can be written[[4]7]:
(AE) 1+p%/3 4
E  1-p52 73
wheres = V/¢, V is the velocity of the plasmal( ~ 15 km/s for interstellar gas clouds) and c is

5 (2.1)

the speed of light. This expression only holds for non-peistic cloud velocities ¢, < ¢). Since
the expression is of second orderdnin the case wherg is very small, the amount of energy
transferred per encounter will be much smaller still. If alision is head on (the particle’s
direction of motion is opposite the plasma’s direction oftimia), there is a net increase in the
energy of the particle. In the case of an overtaking collisito one where the particle goes out
the back side of the cloud, the particle loses energy. Thigqss is called second order not
only because the amount of energy transferred during arueteois proportional to the plasma’s
velocity, but because the patrticle can either lose or gagéngynduring a particular encounter. After
a number of encounters, however, there is an overall gainéngy [43].

First order Fermi acceleration is caused by multiple irtéoms between an energetic particle
and a plane shock front. This discussion is taken friom [47khAck front can be caused by an
explosion that sends matter streaming out into space, suehsapernova. The velocity of this
material ¢ 10% km/s) is much greater than the speed of sound in the ISML( km /s), which



15
forms the shock wave. The shock wave propagates with vgldgit and the material of the ISM
(along with associated magnetic fields) that piles up intfafrthe shock wave now moves with
velocity Vp. Relative to the shock, gas flows into the shock with velotity(and densityp,),

while gas flows out of the shock with velocity, = Vg — Vp (densityp,). The velocity
(a) Upstream frame (b) Shock frame
shocked ISM ¢ unshocked ISM shocked ISM unshocked ISM
:shock shock
o3 Vs UL=¥-V%: U=\
e > - | -—
: B h
downstream > upstream downstream upstream

Figure 2.3: An astrophysical shock with velocitiis moving through the ISM, shown in the
upstream frame (a) and the downstream frame (b). This figasetaken from[47].

of the shock depends on the velocity of the ejddtaand the ratio of the specific heat of the gas
involved, g. The compression ratio can be written:

pofr_m_gtl (2.2)
pr uz g-—1
thusVg = Rug, Vp = (u1 —uz) = (R — 1)ug and
V R
V_;‘ o (2.3)
For strong, non-relativistic shocks, the surrounding gakbe ionized, thus monatomicy(=
5/3), and so R=4[]47]

A particle gains energy by crossing the shock front oppadiitection of the motion of the
shock. The particle interacts with the magnetic field dovaash of the shock, and again, a random
walk path eventually takes the particle back across theksH@ne back and forth path across the
shock is referred to as an encounter. The net energy gaireireiicounter can be written for

ultrarelativistic particles a$[47]:

(AE)

- T ~

7 =

(R]; D % (2.4)

4
B=3

QO i~
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Recalling that the shock front is moving with a non-relatiid velocity (/s < ¢), first order
Fermi acceleration can transfer much more energy per emeotimn can second order Fermi
acceleration. Also, because the shock front is an infindee)| the only particle encounters are
head on, so the particle always experiences a net gain igyenerotheroe and Clayl_[47] show
that for first order Fermi acceleration, the cosmic ray spmetis:
% x E77 (2.5)
where the spectral index, is given by
In[1 — Prob.(escape)] R+2
7= (1_ In(1+AE/E) ) “R-1
Thus, for a strong shock of R=4, the expected energy spedgiin?.

(2.6)

Experimental evidence for non-thermal (synchrotron) x-eaission around SNR 1006 sug-
gests shock acceleration of cosmic ray electron$ [49]. éhdd for the shock acceleration of
protons has been shown [n_]50], which is strong evidencedhatks accelerate the bulk of cos-
mic rays, with energies up tt'6 eV.

2.1.2 Propagation

For the bulk of cosmic rays, most of which originate withiretMilky Way, acceleration and
propagation are nearly indistinguishable processes ttatraontinuously. Since boron is not an
end result of stellar evolution, it is unlikely that cosma&ys composed of boron were created by
a cosmic ray accelerator. Rather, boron is a likely spalfafiroduct of carbon interacting with
the ISM, which has about0—3 g/cm? of matter through the disk of the galaxy. The measured
boron to carbon ratio decreases with energy, which sugdgleatsigher energy primaries spend
less time in the galactic disk. The ratio of boron to carbod @&eV suggests that cosmic rays
traverseb — 10 g/cm? equivalent of hydrogen between production and detecfigh [4

The Milky Way Galaxy has a net magnetic field of approximat&lgicro-gauss [[43]. The
interaction of particles with electromagnetic fields isatédxed by the Lorentz force equatidn[51]:

%:Z[ﬁJr?xﬁ. 2.7)

For the case of relativistic particles (~ ¢), the factory,, = 1

v/ 1402 /c?

? = ’737‘m7' (2.8)

is wrapped up in the
momentum of the patrticle,
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Since energy is constant in time,, and the magnitude of the velocity are also constant. It is
shown in [51] that in the absence of an electric field (as iscdme of charged patrticles in the
galaxy), EqZJ on the facing page can be rewritten as:

pic=aBe, (2.9)

where a is the gyroradius and e is the charge of the partidie.radius of the galaxy is approxi-
mately 25 kpcl[5R] (kiloparsecs,26 x 10 light years (ly) or3.086 x 10'° m), and the galactic
magnetic field is about xG . This means that any proton with energy-of6 x 10'? eV has
a gyroradius greater than the radius of the galaxy, and symdrticle could be of extragalactic
origin. For ultra high energy cosmic rays wiff}y > 4 x 10'% eV, total deflection by the galactic
magnetic field is about — 6°; with E, > 10?0 eV, deflection is onlyl — 2° [53]. With curvature
this small, it would not be hard to resolve a source givenatioe and distance. It's worth noting
that at least one such cosmic ray has been observed by tleeHlg’ group in Utah 154], and no
likely source was observed along its path of propagafioij. [55

The relative emptiness of the galaxy, which leaves cosnyis fieee to arc gracefully in the
galactic magnetic field, is punctuated by numerous gas slatith densities thousands of times
greater than the ISM, on scales of 1 to 10Ipd [43]. These afgaple sites for acceleration via
the Fermi mechanism described in §ec.2.1.1 on pabe 12. Aagav@article will reside in the
galactic disk for about0” years until it could have obtained sufficient energy to esthp galactic
magnetic field[[4B]. This has lead to two similar models ofra@sray propagation. The leaky
box model proposes that a particle continues to acquireggr®rinteracting with gas clouds and
irregularities in the galactic magnetic field until it eseaphe net magnetic field of the galaxy.
This model considers diffusion to be constant, which resualtan isotropic distribution of cosmic
rays in the galaxy. This model predicts a source spectrum

dN
d_E X E_A/, (210)

with v ~ 2.1 [43]. The nested leaky box model proposes that there arenegiear sources that

where patrticles diffuse for a short time, such as a superimozalense cloud. An observer inside a
source region would measure the same spectral index asdfairtiple leaky box model, because
of energy dependent loss of particles. An observer on earitside the source region, would

observe a source spectrum of index- 2.7.
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2.1.3 Air Showers

When cosmic rays interact with the upper atmosphere, a dleaiction is induced that sends a
shower of particles raining down toward the surface of theghealhe primary products of these
hadronic showers are and K mesons, which interact with atmospheric moleculesrtéolyce
more pions and kaons, as well as electrons, positrons artdnqEhorhis effect is multiplied many
times in a fraction of a second, until the energetic shraph#tis hadronic explosion is absorbed
by the ground. Detailed study of cosmic ray primaries is jibsss a result of these aptly named
extensive air showers (EAS), which can cover square kilersaif area. The flux of high energy
cosmic rays is low, and were the primary particle to passutjnothe atmosphere unnoticed, its
footprint would be nearly infinitesimal relative to the amfan EAS; detectors would be searching
for the figurative needle in the haystack. (This is one of #asons that pinning down a neutrino
point source has been so difficult. Despite their large serigd flux, a neutrino is stealthy and only
interacts weakly, so one needs to be directly in its path eméwave a chance of detection.) The
frequency of interactions increases rapidly with the cleimgdensity of the propagation medium
as a particle travels from air to land, and particles thatrentt as readily as pions and kaons will
deposit all of their remaining energy in the rock and watetlansurface of the earth. Along with
hadronic showers come electromagnetic showers in the wipwrsphere. These are given birth
by ultra high energy gamma rays incident on the atmosphemuging cascades of electrons and
photons. The end result that is seen by surface detectarsilarsdespite the divergent nature of
their origin.

Both pions and kaons are extremely short lived, and weretthegt interact on their descent
through the atmosphere to produce an EAS, they would dectyyrviivo hundred microseconds
[@]. The most prevalent decay channels and branching rat®&5T]

™ = uF (o) (~ 100%)

T (~ 98.8%)

K* — pF+v,(m)  (~63.5%)

where~ here refers to a photon, rather than the spectral index assibben used before. Muon
decay is a prominent source of neutrinos. At low energiesfi@r a very long amount of time),
muons will decay as

pE = e 4 ve(e) + Pe(ve). (2.11)
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Primary particle
(e.g. iron nucleus)

first interaction

pion decays

pion-nucleus
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’
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(C) 1999 K. Bernl&hr

Figure 2.4: A diagram of an Extensive Air Shower showing all of the poksitmmponents:
electromagnetic, hadronic and muonic, as well as neutfls

At high energies, wheré, > ¢, ~ 1 GeV, however, muon decay is not the dominate mode of
neutrino production. The primary source for neutrinos s $skemileptonic, three body decay of a
kaon to a muon, electron, and electron neutrlno [57].

The muons produced in the decay of pions and kaons are of igteatst. Unlike the other
particles produced in a hadronic shower, muons do not defhasi energy in the atmosphere as
they rarely interact with molecules, and they are 40,00@éitess likely than electrons to produce
the photons necessary for an EAS [9]. Only gradually will eomtransfer some of its energy to
the electrons in an atmospheric molecule, allowing it tairemost of its original high energy at
the ground. This means that muons will readily penetrateettith, where they will deposit more
of their energy per distance as a result of the greater pifityabf interactions with electrons
in the rock atoms. Still, high energy muons can travel thodsaof meters in the earth, giving
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rise to a nearly background-free way to study high energyniosays; with an underground
detector. Almost all of the muons that are seen on earth azesshic origin [5¥] (originate from
the hadronic interaction of cosmic ray primaries). This eay important note as a detector has
no knowledge of the origin of a particle. The detection of maits therefore a possible channel
to understanding cosmic rays.

2.1.4 Energy Spectrum

The flux of cosmic rays on the earth’s surface is a functionnafrgy, and the higher the particle
energy, the less frequent the appearance. This is a comssrjoé the power law energy spec-
trum. A particle with energy of the ordg0?® eV has over a million times the energy of the most
energetic protons sent through Fermilab’s Tevatron, acathg particles to energies just below
1 TeV. It is not surprising, then, that cosmic raysrethe high energy particles that HEP physi-
cists studied, before they figured out how to use electromiagio accelerate particles to extreme
energies. While the expected flux of 10 GeV cosmic rays on tiface of the earth is about
1 particle/cm? /s, the appearance aD?° eV cosmic rays is about 1 particle per century per kilo-
meter squared[ ][9] Needless to say, a large detector or anpakbng lived scientist is required to
make any significant study of such particles. Energies figis o not come from well-understood
particle acceleration means; there is no galactic synaimathooting particles out at random with
high energies. This is an area of Cosmic Ray Physics thattigaiavell understood, and one of
the motivations for such study.

There is an upper energy threshold for cosmic ray transorisftirough the galaxy. The
Greisen-Zatsepin-Kuz'min (GZK)_[38, 40] cutoff is the limirhere the cosmic rays actually in-
teract with the relic radiation from the Big Bang, the Cosmilicrowave Background radiation
(CMB). Though space is generally transparent to cosmic, egdicles at the maximum of the
energy spectrum can scatter the CMB photons and lose ersaggingly disappearing. Empty
space becomes opaque to the highest energy particles.t®&spik ~ 5 x 10! eV, there have
been reports of particles with energy greater than thisftuRpssible explanations are that they
are coming from nearby and haven't yet been annihilated byGMB, or that there are other
mechanisms for their propagation and acceleration throiglyalaxy. If the particles are coming
from a nearby source, such an energetic source should besabkein other wavelengths. So far,
no such source has come to light.
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2.1.5 Muon Intensity Underground

The intensity of muons underground is directly related ® phoduction of mesons in the upper
atmosphere by hadronic interactions between cosmic rayshennuclei of air molecules. It is
assumed that meson production falls off exponentiallya¥/2y where Ay is the absorption
mean free path of the meson producing cosmic rays and X islé#m depth of atmospheric
material traversed. Itis also assumed that the mesona thtasame direction as their progenitors,
that the cosmic ray sky is isotropic in solid angle at the tbthe atmosphere, and ionization is
neglected. These assumptions are particularly valid ferl#nge energies of the mesons that
produce muons seen in the MINOS Far Detector. In this appration, Ay is constant. Two
meson absorption processes will be considered: furtheohadinteractionsd X /A s, where dX

is the amount of atmosphere traversed and M is eithepaK meson (charm and heavier meson
production doesn’t become important until10° TeV), andM — uv, decay,

ANy (M — p,) = mlﬁ”ﬂ (2.12)
P pCTo

wherep = air density,7y = mean M lifetime (at rest)[[59]. For an isothermal, exporaiti
vanishing atmosphere, H(T) = RT/Mg, the atmospheric scaight. The density is then related

to X by p = X cos@/H(T). The constant,,, the critical energy that separates the atmospheric
interaction from meson decay regimes, is:

H(T
€r = mac”H(T) (2.13)
CTM

Since most interactions take place in the first few inteaactiengths [[43], and to first order
H(T) =~ Hy = 6.5km, ¢, = 0.115TeV, ex = 0.850 TeV. The differential meson intensity
as it relates to these process#d( E, X, cos #) can be written as a function of X59,43]:

M _ Znum ~X/Ay _ Lo ew
iX = n No(E)e M(E, X, cosb) Ao +EXCOS€ (2.14)

for relativistic M, and wheréVy (E) is the differential M production spectrum which has the form
E]_VI”“), Ay is the nucleon interaction length, aid; , is the spectrum-weighted inclusive cross
section moment. This differential equation is straightfard to solve using the integrating factor

‘M

ﬂ(X) — ef ﬁ—"_EXcosQ
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and rewritindZ. I} on the facing page:

M M(E, X, cos 0)3(X) = Inm (E)e=X/Av
ax AN
The solution to this differential equation is
1 ZNM —X/A
ME,X,cosO:—/—N E)e /AN 5(X). 2.15
Integrating both sides gives [59,43]:
X
M(E, X,cos6) = ZANM No(E)e X/ x—ca/Ecost / X/em/Beos XN g x7
N 0
ZN]\/[ —X/A 1 X/A,
= No(E M X -
AN o(E)e % en/Ecos@+1  ep/FEcosf+2
1 (X/A)?
+56M/E0089+3 I (2.16)

wherel/A = 1/An — 1/Ay;.

Now that an expression for the production and propagationegons through the atmosphere
has been found, a function describing the production of rauonst be found. Muons are the pene-
trating component of cosmic ray air showers, and at enedjiesder TeV, have enough energy and
live long enough to traverse thousands of meters water afguit/of earth to underground detec-
tors. High energy muons are produced by the decay of shed livesons in the upper atmosphere,
and point back to the parent cosmic ray. Muons are produoed finesons via the two body decay
processM — pv. The rest frame momentum for this decayis= (1 — m?2/m3,)ma; /2, since
the neutrino has vanishingly small mass. The differentiad fler unit cross section is proportional
to the differential flux per energy, which can be written:

j—g - %, (2.17)
where B is the branching ratio arit, is the momentum of the decaying patrticle in the lab frame.
The important muon producing branching ratia are given in[E@l on pagé_18. The muon
production spectrum for meson M parents is given by Gai&&#r |

E,
mar dn(E,E')  em
Pu(E, X,cos0) = / T )EX COSQM(E’,X, cos 0)dE’ (2.18)

mesons mzn
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Inserting Eq[ZZ17 on the facing page into the muon prodocjmectrum (EJ._2.18 on the preced-
ing page), gives:

(2.19)

Eu/rm
EM wI™ dFE M(E, X, cos )
E. X 0) = ST A TR )
PulB, X, cosf) XCOSH(I—T‘M)/E# E E
wherery, = m? /m3,. Since muons are sampled at one particular depth, the piodwgpectrum
needs to be integrated over the whole atmosphere to find #rgyespectrum of interest. The
differential muon energy spectrum (s [43]:

al, > 1 1
—H = E,X)dX ~ AxE~0F) (4, 0.635A
dE /0 PulB, X) % "1+ 1.1E, cos0/e, * K“1+1.1EHCOSG/EK
(2.20)
where
1-— r}jl
Apu = Znm 2.21
and~ = 1.7 is the muon spectral indek[60]. Using numeric values froi] [£q.[Z.2D can be
written:
drI 14 x E~0+D) 1
Y . < + 7 > (2.22)
dE, cm?srGeV 14+11E,cos0/ex 1+ 1.1E,cosf/ex
where [61]:

v+1
ANk =1 1 =1

= T T e 0.054 (2.23)

Ultimately, the integral of the production spectrum is moseful to this particular application,
which can be written in the forni [59]:
_ > dIM

I,(E) = /Eth dEuE. (2.24)
This is the total number of muons with energy greater thanttiheshold required to reach the
MINOS Far Detector. The threshold surface energy requiogéfmuon to survive to slant depth
D(0, ¢) (mwe) (meters water equivalent, the depth of the detector midtigby the average rock
density. This is a measure of the normalized amount of nadt@particle must encounter to reach
the detector from the surface) increases exponentiallyfasaion of D and parameters a(E) and
b(E) [43]. Since a and b depend on energy, an iterative proeed used to find the threshold
energy [[60]:

a
By = Ej(0,¢) ~ (B" + 5)e?P0:9) —

; (2.25)

a
b
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where the energy-dependent parameters 0.00195 + 1.09 x 10~*In(E) andb = 1.381 x
1076 + 3.96 x 10~51n(E) [60], at column depthD (6, ¢). At the minimum depth of the Far
Detector, 2.1 kmwe, this equation giveg, = 0.7 TeV. Since this is an investigation of variations
in intensity with respect to temperature, it is natural ttegrate EqC_2.24 on the preceding page
using the differential muon intensity from EQ.2120 on theirig page. A fair approximation,
analogous to Ref[ 159], can be written:

1 0.054 >

2.26
v+ (y+1)1.1Ey, cosf/ex +’y+(’y+1)1.1EMcosH/eK (2.26)

I,ﬂ:BXEJﬁ(

2.1.6 Particle Astronomy

The first indication of a cosmic ray point source by an undmrgd detector came in 1958 62].
Sekidoet al. used Geiger Miiller counters as a cosmic ray telescope ndgtazimuth mounts
on the surface of the earth. They chose low zenith anglesh&r observations since the particles
would travel through the most atmosphere at those anghesgos reduction in overall flux. This
reduction is almost almost insignificant, however, as dised in sectiof—1l1 on pa@k 2. They
observed an excess of cosmic rays coming from the directi@rion, but this result was never
confirmed. In 1965, Bukata and Standil reported a narrowosmipy of muons in an underground
detector coincident with cosmic ray primari€si[63]. Thesults were contradicted by Barroes
al. with an underground detector in Utah. The Utah detectoizetil cylindrical spark counters
triggered by underwater photomultiplier tubes that det@c@herenkov radiation. A pointing res-
olution of 1° was achieved, though because of limited statistics thegt B3y 6° angular bins
for their all sky survey. Despite this precision, no anieptes were reported.

Subsequent reports of a cosmic ray signal came from X-ragrigis Cyg X-3, Her X-1 and
1E2259+59, and were by ultra-high energy air shower arragie. Kiel [64] result was substanti-
ated by Haverah Park’s [65] report of a signal modulation yg &-3, and the CYGNUS collab-
oration [26] indicated a signal coming from Her X-1. Thes@eriments suggested a source of
gamma rays, which would not be too surprising since they acharged and therefore unaffected
by the galactic magnetic field. The underground experim&atsdan [[2E, 24] and Nusek 23]
also reported a signal coming from Cyg X-3, which suggestgatdduced long lived particles
that interact hadronically and were unaffected by the dilanagnetic field. This result did not
come without some disagreement, however. Numerous exgetinmave searched in vain for this
elusive signal. The water Cherenkov detectors IVB [29] ia thnited States and Kamiokia [30]
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in Japan did not identify a cosmic ray signal, while the Fsefiash chamber/Geiger tube ex-
periment [ 31], the radio-chemical chlorine experimenthat Homestake miné [32] and streamer
tube/scintillator detector MACRQ]} 2] also reported ngrsil.

2.2 Gamma Ray Bursts

A gamma ray burst (GRB) is an enormous gamma ray outburstotiefty floods the sky with
incredibly energetic photons. The gamma ray sky is relbtigeiet, so GRBs outshine all other
gamma ray sources combined, including the sun. Until 198 0ther electromagnetic wavelength
component was associated with these outbursts, so no lagsioal progenitor could be identified.
Thus, the description remained their name, Gamma Ray Burst.

GRBs were first detected in 1967 and originally suspectecetthb product of an advanced
extraterrestrial civilization[]66]. This idea was quickbbandoned. GRBs are now known to
be distributed isotropically throughout the sky, which gests extra-galactic origin. The burst
durations range from0—3s to 10% s, with afterglows in x-ray and optical wavelengths that can
last up to a day after the initial gamma ray outburst. Therglibter observations are made when
a GRB trigger is confirmed from a wide field of view instrumentlaptical and x-ray telescopes
focus on the region of sky where the GRB was seen. Astronodigide GRBSs into two classes,
long (¢, > 2s) and short{, < 2s) [66]. The study of afterglows has given rise to two models fo
GRB creation, distinct for each type of GRB, and has also madkehift determination (distance)
possible. The class of long GRBs is much more common, therefell studied. They are likely
the outcome of a massive core collapse supernova. The siRBs@Gould be the result of the
collision of massive compact objects, such as binary naugtars systems or neutron star - black
hole systems, that lose angular momentum from gravitdtivase emission.

The distance of GRBs from earth is particularly importantdghifts from z = 0.0085 to>z6
have been measured [67]. Since the universe is expandmgletiection of redshifted light from
distant objects is the same as detecting the distance thetabjfrom the detection. The distance
is given by [68]:

GRS Vi |
 Hy(z+1)2+1
and the Hubble Constaiify ~ 70 km/s/Mpc [69]. Thus, GRBs range from 24-1400 Mpc. For
z>6 GRBs, the actual gamma ray production happened 4.6 bieans ago! That is some of

(2.27)
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the oldest light ever detected, thus GRBs may prove an impbdosmological tool[[66]. These
distances are far greater than the size of our galaxy, an@trav&n as cosmological distances,
where the curved nature of spacetime could be important.

The great distance of GRBs imply an enormous amount of el@etgnetic energy, as much as
10 times greater than an average supernevd @' erg). In addition, the GRB energy is emitted
over a few minutes, while supernova energy is emitted overke@r months. The totdluence
(emitted energy integrated over the duration of the buist/cm?) from a GRB is enormous if
emitted isotropically. New spectral evidence suggeststtieburst may be collimated into a jet,
which reduces the energy requirement to abi@it erg, similar to supernova energy output.

The leading model for the observed radiation from a GRB isréativistic fireball. In this
model, a compact source of a few solar masses of matter vaig@aboutl0” cm [[70] collapses,
and the gravitational energy is converted to free energy miisecond time scales. This en-
ergy expands rapidly outward, with a luminosity of abaQt? ergs of the free energy emitted in
~ 20MeV neutrinos and gravitational waveg0°® — 10°2 ergs of the energy remain trapped
in an electron, gamma ray and baryon fireball. The fireballbexis at relativistic or near rela-
tivistic speeds, and contains the non-thermal gamma raggtieat is observed. The gamma-ray
spectrum is non-thermal, peaks around 100 keV and corestitite bulk of the detected energy.
Gamma rays above 100 GeV have also been observed in a few ddseelectromagnetic blast
wave preceded by an outburst of neutrinos is similar to whppkns in a supernova, with the dif-
ference that the energy is released over months, while indke of a GRB, the energy is released
over seconds or minutes [66].

2.2.1 The GRB as an Astroparticle Source

The relativistic fireball that expands rapidly outward frahe central engine of the GRB could
have luminosityL, ~ 10°2 erg/s and mass loss rate M. The fireball could have a Lorentz factor
I' ~ L/Mc? [[70]. This creates an enormous shock wave when it encouttter$SM, which
can then Fermi accelerate protons as discussed in[Sed.chlpagd IR. The extremely high
I" suggests that the there is sufficient energy in the firebadictelerate protons tt0%° eV [3].
Additionally, the observed spectrum and observed flux ofdosays abova 02" eV is consistent
with the prediction of GRB progenatioh 20].

As the fireball wind expands and cools, protons and neutrdhsl@ouple and then collide.
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These inelastic collision produce pions, which decay [Efl &n pagé18, EQ.ZIL1 on pdgé 18)
into ~ 10 GeV v,(7,) and muons, which decay inte 5 GeV v.(7.) [15]. The neutrons that do
not interact with protons will decay inte 100 MeV 7,.

There is a large flux of protons that are acceleratettd eV in the expanding fireball, which
leads to pion production when these protons interact wighl ¥ eV photons carrying the bulk
of the fireball energyl13]. About half of the proton energyttiglost goes tor*. These charged
pions decay to producE)'* eV neutrinos.

2.3 Recent Experiments

2.3.1 Air Shower Detectors

There are two signals commonly used to directly detect cosayi air showers. The interaction
of cosmic ray primaries with atmospheric nuclei causes #soence in blue and near ultra-violet
wavelengths. This fluorescence can be seen by high elewatitfield of view telescopes oper-
ating on moonless nights. The energetic particles creatatebairshowers can also be collected
by detectors arranged on the surface of the Earth over a sagge Coincidences between detec-
tors give indication of an airshower, and the area over whtehparticles are distributed give an
indication of how much energy the parent particle contained

Akeno Giant Air Shower Array (AGASA)

The Akeno Giant Air Shower Array (AGASALI71] was#0km? detector array constructed in
Akeno, Japan, 120 km west of Tokyo. AGASA consisted of 22Im? scintillation detectors and
27 muon detectors of various sizes, spaced about 1 km. Suafagys are an economical way to
create a large area detector, but their energy scale iga@ibagainst simulation®ponte Carlg at
energies many orders of magnitude greater than anythindgstheeasured in a laboratory on Earth.
Thus, the energy scale could be incorrect by as much as[30P6I[H4 spacing of the detectors and
size of the array were chosen to maximize the detection ahwgys abovel0!” eV, the very
top of the cosmic ray energy spectrum. Construction begd®&7, and the array was completed
in 1992. While a point source was not detected, some indicaif a 4% excess of cosmic rays
coming from the galactic center [[72] and cosmic rays aboee3HAK cutoff were observed[73].
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High Resolution Fly's Eye

The High Resolution Fly's Eye (HiRed) [I74] experiment wasuaiféscence detector constructed
in the United States Army Dugway Proving Grounds in the Wesstddt of Utah, USA. It was con-
structed in 1993 and based on the technology of the Fly's Exgdbcence detectdr [54] located
nearby. The apparatus consists of a number of individuestelpes that are operated as one detec-
tor to provide full-sky coverage. Because of atmosphenitéitions (daylight, the moon, clouds)
the duty cycle of fluorescence detectors is only 10%. Thexr@2telescopes with 256 photomulti-
plier tubes (PMTSs) at one site, and 42 telescopes at a seiteri®$ km away, and the apparatus is
sensitive to cosmic rays with energy abawe® eV. The two sites can be operated independently
or in coincidence (stereo mode). The stereo mode gives a precise geometric reconstruction.
A point source was not detected, but a measurement of theicoaynspectrum above0'® eV
was madel[ /5], and the anisotropy measurement of AGASA wasamdirmed [/6], though with
weak statistical significance.

Pierre Auger Observatory

The Pierre Auger Observatory [44] is the next generatiomd High Energy cosmic ray detector,
building on the experience of HiRes and AGASA. The obseryais located near Malargile,
Mendoza, Argentina and started operation in January, 2@®le partially constructed. The
detector was completed in early 2008. It consists of an asfaurface detectors (like AGASA)
and a number of fluorescence detectors (like HiRes). Thasidrray covers an area3tfo0 km?
with surface array of 16000 m> water Cherenkov tanks and twenty-four fluorescence detecto
(there are four locations, with six detectors each) . An upigomus point source signal has
not been found, but a correlation between the arrival positibthe highest energy cosmic rays
E > 10" eV with the position of active galactic nuclei has been s&eh [45

2.3.2 Underground Detectors

There are fifty times fewer muons produced by electromagsetwers than by hadronic showers
of comparable energ{/177], and even the highest energyrefecpenetrate no more than one meter
of earth. The only component of a hadronic shower that will/ise to reach an underground

detector is the muon, so placing a detector under more thaeter of earth assures the investigator
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that the signal being seen is of hadronic origin. Since tlageeno terrestrial sources of muons,
underground detectors interpret downward going muonsgass through the detector as cosmic
ray induced. Thus, underground detectors can observe casys by detecting the muons they
produce in atmospheric air showers. Underground deteeatarslso sensitive to muons induced
by neutrino interactions in the detector or in the rock sunding the detector. There is too much
rock underneath a detector for cosmic ray induced muons netpes, so any muon detected
from such a direction must have been induced by a neutrino.

IceCube

IceCube is the second generation neutrino telescope inrd&iwa [78], constructed around the
Antarctic Muon and Neutrino Detector Array (AMANDA) neardltSouth Pole. It consists of 80
strings of photomultiplier tubes arranged il &m? hexagon. The strings are drilled into the ice
and then frozen. They are instrumented at depths from 1,40k2,400 km, which gives total
detector volume of km?3. It is sensitive to neutrinos and cosmic ray muons with eéesrgbove
10 eV. Construction began in 2004, and the detector is expectbd tmmpleted in early 2010.
So far, no indication of a neutrino point source has beendouneCube will also be sensitive
to tau neutrinos, neutrinos induced by cosmic ray annibifatvith the CMB (so called “GZK”
neutrinos) and possibly dark matter[79]. AMANDA searcheddoincidence between neutrinos
and gamma-ray bursts and found no sighal [5].

Monopole, Astrophysics and Cosmic Ray Observatory (MACRO)

The Monopole, Astrophysics and Cosmic Ray Observatory (RR@Ewas located in the under-
ground Laboratori Nazionali del Gran Sasso (LNGS), Abryataly [80]. The detector began
operation of one supermodule in February, 1989, and thetrmmtion of the final configuration
was completed in 1995. It was built to search for magneticapotes, sources of cosmic rays and
other exotic phenomena. It was constructed under a mownitira minimum depth of 3000 mwe
(meters water equivalent) and detected muons with liguittilation counters, streamer tubes and
track-etch plastics. MACRO was sensitive to muons with gnereater thari.2 x 10'2 eV and
neutrinos with energy greater thaf” eV. The detector operated at the same time as the EAS-Top
airshower array, and coincidences between the detectovédpd new information about cosmic
ray composition for primaries of energyd'3 eV to 10'6eV. No cosmic ray or neutrino point
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sources were discovered, (nor were any magnetic monopeéy,sbut MACRO did make mea-
surements of atmospheric neutrino oscillation paramé8dfisand put limits on antimatter content
in airshowersl[[82].

Soudan?2

Soudan 2 is the second-generation nucleon decay expenmigie Soudan Underground Mine in
northern Minnesota, USA83]. It was a 1kton iron trackindocemeter that used drift tubes in
a hexagonal array. Data taking began in April, 1989, whenaraater of the detector had been
constructed; the detector reached its final configuratidl®®3. The detector is located at a depth
of 2090 mwe under a flat overburden, and observed muons witimmaim energy? x 10'! eV
and neutrinos with energy greater th&f eV. No cosmic ray or neutrino source was found (nor
was nucleon decay discovered), but neutrino oscillatiarapaters were measured [84] and the
cosmic ray composition was measured for primaries of engdgyeV to 106 eV [85].

Super-Kamiokande

Super-Kamiokande is the second generation ring imagingn@iterenkov nucleon decay detector
in Kamioka Mozumi mine in Japai_[B6]. It consists of 50 ktoruttfa-purified water in stainless
steel tank that is divided into an inner detector, viewed bgQD PMTs, and an outer detector,
viewed by 1800 PMTs, that acts as an active veto. Construgiess completed in 1996, and the
detector was then fully operational. The detector is lat#@tea mountain under 2700 mwe of rock
and observes both electron-type and muon-type neutrints emergy greater that0” eV. No
neutrino source has yet been found (nor has nucleon decaydaes), but neutrino oscillations
were confirmed(I87]. A search for coincidence between neogriand gamma-ray bursts yielded
a null result [[88].

2.3.3 Next Generation Ultra-High Energy Neutrino Detectos

The current limits placed on astrophysical neutrino sasisigygests that detectors must grow by
orders of magnitude. If IceCube, with a cubic kilometer voly sees nothing, it will be difficult
to find a way to make a larger volume water detector. Alreaghngers in the field are exploring
new technology. The phenomenon of Cherenkov radiation res/memarkable consequences.
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In addition to the emission of ultra violet light, radio ancbastic signals are also caused by an
energetic particle traveling faster than the speed that ligavels through the medium. This is
known as the Askaryan effect, confirmed experimentally iG@[89]. A number of experiments
are exploiting this effect to detect the highest energy nireos.

The Radio Ice Cherenkov Experiment (RICE) consists of radlitennae incorporated into
the AMANDA PMT strings [90]. The Askaryan Under-ice Radiordy (AURA) is the next
generation RICE detector, currently being deployed with liteCube PMT stringd_[91]. Both
detectors sample frequencies in the range 200 MHz to 1 GHzABMRA builds on the experience
of RICE. No results have been published for either expertm&he coherent radio impulse that
is a consequence of the Askaryan effect has an acousticarparitas well, which boasts an even
narrower peak than the radio impulse. This has given risbégtototype South Pole Acoustic
Test Setup (SPATS), which consists of acoustic detectoptoged with some of the IceCube
strings [92]. Thus, many of the IceCube strings have thréectlers on board: the IceCube optical
modules, AURA radio detectors, and SPATS acoustic detecho results have been reported by
any of these experiments.

The ANtarctic Impulsive Transient Antenna (ANITA) is an Anttic balloon experiment with
radio payload that detects the coherent radio pulse frora-tigh energy neutrino interactions in
the ice [98]. ANITA has completed two flights: ANITA-lite, alB day test flight in the austral
summer of 2003-2004, and the first ANITA flight, 2006-2007 eTtmal ANITA flight is planned
for the austral summer of 2008-2009. No neutrino source kabgen observed, but limits have
been placed on the ultra-high energy neutrino flux from thd BiNlite flight [84].

2.3.4 Gamma-Ray Burst Detectors

Since the first report of gamma-ray bursts in using the Vetlell#tas in 1973, a number of satellites
have been launched for the purpose of detecting and stutlysg incredibly energetic astronom-
ical objects. The field of ground based gamma-ray astronoeggat in 1989 with the Whipple

Observatory High Resolution Camera observation of the Gtabula. Despite great advances
in ground-based gamma ray detection, all detections of ganay bursts have come from satel-
lites with wide field of view telescopes. Ground-based tmess require a finite amount of time
to collect enough light to detect a gamma-ray source andatamspond quickly enough to a
gamma-ray burst trigger, which lasts for a few seconds amttddaappen anywhere on the sky.
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The naming convention for GRBs is to use the date that theg detected, YYMMDD. No one
knows what will happen in 2073, when the dates overlap.

Compton Gamma Ray Observatory

At 17 tons, the Compton Gamma Ray Observatory (CGRO) wasedheidst astrophysical pay-
load ever flown when it was launched on April 5, 1991, from thace shuttle Atlantis. Its mission
ended on June 4, 2000. CGRO had sensitivity to electromagaeliation from 30 keV to 30 GeV
via four instruments: Burst And Transient Source ExperindBATSE), the Oriented Scintillation
Spectrometer Experiment (OSSE), the Imaging Compton gefes(COMPTEL), and the Ener-
getic Gamma Ray Experiment Telescope (EGRET). The BATStEIim&nt recorded 300 bursts
a year with its 4 steradian field of view. The BATSE survey showed an isotralitribution of
GRB throughout the universe, which suggests that they aresshological distances [95].

Satellite per Astronomia X

Satellite per Astronomia X (X-Ray Astronomy Satellite, ReSAX), was a collaborative Italian-
Dutch satellite. It was launched on April 30, 1996, and itssitn ended on April 30, 2002 be-
cause of rapid orbital decay. It was sensitive to electrametig radiation from 0.1 keV to 300 keV
with four x-ray telescopes, High Pressure Gas ScintillRi@mportional Counter (HPGSPC), Phoswich
Detection System (PDS), and Wide Field Camera. The WidelKaimera had a 0.12 sr field of
view. BeppoSAX was able to detect fading x-ray afterglow &@E; which allowed follow up
observations by ground based optical telescopes. Thessvalisns allowed for the first mea-
surements of GRB distances, confirming the BATSE surveyitréisat they were indeed at cos-
mological distance$ [96].

High Energy Transient Explorer

The High Energy Transient Explorer (HETE-2) is a collabmmatbetween institutions in the USA,
France, Japan and Italy, headed by the Center for Space®estaIT [97]. It was launched
on October 9, 2000 on a two year mission, but it continues senke and filled the gap left by
the demise of CGRO and BeppoSAX. The satellite carried tim#euments capable of observing
photons from 0.1 keV to 300 keV: Soft X-ray Camera (SXC), Wideld X-ray Monitor (WXM)
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and French Gamma-ray Telescope (FREGATE), with 3 sr fieldi@ivv All instruments point
away from the sun. HETE-2 provided the first unambiguous GB&eiation with a supernova,
GRB 030329 with SN2003dh [98].

Swift

Swift is a collaboration between NASA, the UK and Italy. Itsv@unched on November 20,
2004 from Cape Canaveral (USA) and continues to observe garaynbursts[[99]. Swift is a
multiwavelegth observatory carrying three instrumenits Burst Alert Telescope (BAT; Gamma
Ray), the X-ray Telescope (XRT) and the Ultraviolet/Ogti€alescope (UVOT). Its name comes
from the fast response of the spacecraft to a trigger fromBBE. Within minutes, the trigger
location is transmitted to the ground and the spacecrafisste focus its afterglow observation
instruments. It is sensitive to photons from 0.1 keV to 30 kes well as optical and ultra-violet
(170-650 nm). The BAT instrument has a 1.4 sr field of view,chtallows it to catalog about 100
GRBs per year. Because of its rapid response, Swift was thteofiservatory able to record the
afterglows of short GRBs and also detected the first astragarmbject with redshift z6 [100].

Gamma-ray Large Area Space Telescope

The Gamma-ray Large Area Space Telescope (GLAST) was ladnch on June 11, 2008, and
is billed as the next generation CGRO [101]. The satellitesigis of two instruments, the Large
Area Telescope (LAT) and GLAST Burst monitor (GBM) give it eegter energy range, 1keV to
300 GeV, comparable field of view, and similar sensitivityGBB (less thar).5 cm~2s~1).

Terrestrial Gamma Ray Detectors

There are a number of terrestrial gamma ray telescopesidimg the High Energy Stereoscopic
System (HESS) in Namibia, Africa [102] , Very Energetic Raitin Imaging Telescope Array
System (VERITAS) at the Whipple Observatory in Arizona, Ui®3], Major Atmospheric
Gamma-ray Imaging Cherenkov (MAGIC) on La Palma in the Canslands [104] and Col-
laboration of Australia and Nippon (Japan) for a GAmma Ragébatory in the Outback (CAN-
GAROO) in Woomera, Australig_ [105]. These telescopes baildhe method of atmospheric
Cherenkov radiation detection pioneered by the Whippleendagory. Since these observatories
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must focus the light from the object that they want to obsettrey do not usually detect GRBs
since it is unlikely that they will be focused on that partarpart of the sky where a GRB occurs.
In addition, the threshold gamma-ray energy for these def@ss is about 1 TeV, and most GRB
energy is emitted around 500 keV. A new experiment, Hightddie Water Cherenkov (HAWC)
has been proposed that would observe the entire northerocskinuously [[105], building on the
technology of the Milagro experiment [107].
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Chapter 3

Detector

The MINOS Far Detector is a large scintillator and steelkiag calorimeter situated on the edge
of the Superior National Forest in the Soudan UndergroundeMtate Park, Soudan, MN, USA,
47° 49’ 13.3” N, 92° 14’ 28.5” W. It is on the27*" level of the former U. S. Steel Corporation
Iron Mine, at a depth of 713 m below the surface. The signifié@atures about the location are
the distance from the beam neutrino source, 735 km, and isnffidepth to provide shielding
from extra terrestrial radiation. The detector is in a filgsdxcavated cavern adjacent to the hall
that contained the Soudan 2 experiment. The primary purpbddINOS is the detection of
neutrinos from a distant beam, and since the beam spreatis asansmitted and neutrinos only
interact via the weak force, it is a difficult task. A large,llnenderstood detector is necessary to
perform such a task, and the MINOS Far Detector is both ofeth&ke major sub-systems of the
detector are: steel, active scintillator, magnet and mdeats. A neutrino enters the detector where
it interacts with the steel and produces a charged partithés daughter particle then enters the
scintillator module and produces photons. These photamsransmitted via a fiber optic cable
to a photomultiplier tube (PMT), which turns the small lighgnal into an electrical signal that is
recorded by the Data Acquisition System (DAQ).

3.1 Steel

The detector is composed of octagonal steel planes 2.54ick whith a diameter of 8 m, and
a 30cm central bore through which the magnet coil to passasreTis a 5.94 cm gap between

36
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each plane to allow for the thickness of the scintillator med and an air gap. The total mass of
the 486 identical planes is 5.4 kt. The steel planes aretedevertically and stacked face to face
horizontally, like a loaf of bread. They are suspended ireih®y an extension (ear) coming off of
the octagonal plane structure, like hanging file folders oaildn a desk drawer. The steel planes
are arranged in two distinct groups, called supermodulds),(ith a gap of 1.5m separating
SM1 from SM2. This spacing between supermodules allowsHeritistallation of the magnet
coils.

Figure 3.1: The front view of the far detector, showing the octagonahplatructure (A), the veto
shield on the top (B), the magnet coils coming out of the agft® and the electronics
rack (D).

Neutrinos are observed indirectly by the detector, and #adstence is inferred by a particle
production chain, similar in concept but very different irchanism from the detection of cosmic
rays. Quasi-elastic scattering (QES), Deep Inelastict&dag (DIS), and resonant scattering are
the processes by which a neutrino interacts with an ironquscto produce daughter particles that
are observable by the MINOS detector. The interactips- p — ;= + n produces the desirag,
detection, and the other common interactiowds+ p — e~ + n. It is fairly easy to discriminate
these events since the neutron and positron deliver theiggrto the steel rapidly, while the™ of
the first interaction produces a long track, depositing éesgy per plane than the other particles.

While the steel is largely unnecessary for the detectiorosfic ray muons, the detection of a
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neutrino and the structural integrity of the scintillatoodules depends on it. Exacting alignment
of the planes is necessary in a precision patrticle physipsraxent, and the steel insures that the
scintillator modules will not shift or sag in the course oéithduty. A ferromagnetic material is
required to produce a strong magnetic field that will bendpath of a charged particle to allow
charge sign determination. The steel is an integral comutonfehis magnetized detector, unigue
in its ability to determine the charge sign of sampled pkasic

3.2 Active Scintillator

The active detector component is the scintillator, stripgxdruded polystyrene 1 cm thick and
4.1 cm wide. The polystyrene is enhanced with the fluors PR&) élhd POPOP(0.030%) These
strips are formed with a center groove to hold the wavelesbifting (WLS) fiber and are co-
extruded with an outer layer of Tilfor internal reflectivity [108]. Panels of either 20 or 28
strips are joined to make an array of 192 strips for each actalgdetector plane. The modules are
produced in a number of distinct groups for ease of fabicatind detector readout. The
scintillating strips were adhered to aluminum covers 0.5thitk [L09] to complete the module
assembly.

As a charged particle traverses the detector modules, agispenergy in both the steel and
the scintillator. The energy that is deposited in the skt is re-emitted in the form of UV
photons. These photons are internally reflected off thesnadlithe strip until some of the photons
are absorbed by the WLS Y-11 fluor that traverses the strig. dlisorption spectrum of the WLS
Y-11is centered on 420 nm (violet), and only overlaps slighith its emission spectrum centered
beyond 470 nm, in the green band of visible light. Shifting ttavelength of the incident light
is an effective method to minimize self absorption. The WLli&fs end at the terminus of the
scintillator module, where they connect to an array of ctagatical fibers to complete the path of
the photons from the scintillant to the PMT.

The planes of the detector are organized in a rectanguladicade system, nominally referred
to as U and V. The strips on each plane are arranged at an angf¢ with the horizontal, the
U planes &00° rotation from the V planes. The choice of (U,V) facilitatesnoections to both
ends of the scintillator strips. This provides a set of miljuarthogonal coordinates with which
to measure a particle’s location in the detector. The ositgort of the orthogonal axis can be seen
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Figure 3.2: Diagram of a scintillator strip.

in figure[3% on pagE32. “Vertical” and “horizontal” positi® are determined by a patrticle
hit in a combination of two or more planes, at least one U ar@\grand depth is found by simply

counting how many planes the particle traversed.

3.3 Magnetic Field

MINOS is the first neutrino experiment able to discriminatutminos from antineutrinos, and
this capacity is derived from the magnetic field. The Far Btehas a toroidal magnetic field
produced by a 15,000 A-turns current, generated by an 80 Festurun through 192 turns of
stranded copper wire housed inside a 25 cm diameter, watded, copper jacket, formed into
a coil running the length of each supermodule. The averaggitnale of the magnetic field is
1.5 T at a radius of 2 ni_[110]. The magnetic field began opardtica nominal “field forward”
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Figure 3.5: The relative orientation of U and V planes.

direction to focusu—, thus increasing the detector acceptance.,The currergasily be reversed
for the reverse polarity of the field. This is a vital capdlilihat allows the study of detector
spatial irregularities and slight magnetic field asymnastri Data can be taken with a particular
field configuration and compared with reversed field datdy ik ideal case resulting in particle
tracks with a mirror image of the tracks from the original. c@rthe detector is well understood,
this will provide an important cross check for charge detaation efficiency.

The desired neutrino signal is detected as charged pariideracting with the detector com-
ponents, while the neutrino is itself a neutral particle e eauty of using a magnetized detector
for such studies is that interaction of an energetic chapgaticle with a magnetic field is well
understood, so the direction of curvature of the partictatstion compared to the direction of
the magnetic field allows a determination of charge signJenthie radius of curvature is used to
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Figure 3.6: The effect of the magnetic field on a charged particle insidb@detector.
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deduce momentum. This illustrates the pioneering statddlNOS as the first deep underground
detector to be able to separaté from .~ directly, and by extensiony, from 7. This feature
allows the possibility of the first direct measurement ofrgeaparity and time (CPT) violation in
the leptonic sector. Conservation of charge, parity ane fisra central prediction of the standard
model, and the violation of CPT would spell profound impeimsphysics beyond the standard
model. This effect would manifest itself in MINOS in, — v, oscillations or as different oscil-
lation parameters far, andi,,, meaning that the oscillation probability is different fgr — v,
than foro, — v,. The capacity to determine the momentum of muons in the teticunprece-
dented for deep underground neutrino detectors. Thistalhikightens the MINOS detector’s
value in the study of atmospheric neutrinos, and adds anptrameter by which to probe the
properties of these ghost-like particles.

3.4 Electronics

There are a number of electronics subsystems that the lgmlsencounters after traveling to the
PMT via the WLS fiber. The first step in the electronic journsithie encounter with the PMT
that converts light to an electrical signal via the phototle effect. The process of converting
light into electricity makes a PMT “basically an inversehidoulb” [111]. The photon is absorbed
in the PMT by a photoemissive cathode, where the photonesxttiie material, which then emits
electrons. These first few electrons are accelerated wilge kelectric potential toward a dynode,
where more electrons are created. These electrons are agaterated in the same manner, and
the cascading effect continues until the now amplified diggeches the anode of the PMT, where
the signal is then ready to be used. The PMTs patrticular té-#neDetector are the multi-anode
Hamamatsu R5900U-00-M16 (M16) with 16 photosensing cHar(péels) per photomultiplier
[112]. The PMT utilizes a high voltage to turn an incomingrgifj with a 0.3 photoelectron (pe,
1.602x 10~19 C) threshold, to a charge ef 50 fC, with an average gain af° [L10]. These
PMTs were chosen to reduce the number of PMTs used in thetdetétsing one PMT per 16
pixels greatly reduces the number of detecting componenfarther reduction is made possible
by the fact that eight fibers are attached to one pixel, an@ fisea de-multiplexing algorithm that
is used (sectioh3.4.1 on pdgd 49) to determine which stripagtually hit.

The PMTs are located on and read by the 32 channel ASIC VMBR11 (“Viking chip”)
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Figure 3.8: The Hamamatsu M16 PMT
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CMOS chip. The VA chip is read by the VA Front end board (VFBheTVFB houses three VA
chips, with their respective PMTs. The signal from the VFBsént to the VARC Mezzanine
Module (VMM), which amplifies and digitizes the VA output [3fL The signal is then sent to
the VA Readout Controller (VARC), which is located in a VMEate separate from the VFB. The
VARC keeps track of the trigger time with an internal 53 MHealt and controls the VA devices.
Each VMM interfaces with two VFBs, and each VARC can contaMM, which means that
each VARC can control up to 32 PMTs [113].

Once the light signal has been converted to a digital sighad,transmitted to a local FIFO
and stored. The memory is then read by the DAQ, where it isrdecbas data. A Read-Out
Processor (ROP) in each VME crate records the digitized. datere are 16 ROPs at the Far
Detector. The ROPs are chained together with a PCI Vertitat¢onnection (PVIC) and read by
Branch Readout Processors (BRPs). BRPs 1-4 read three RORsvwehile BRPs 5 and 6 read
two ROPs each. The timing for both the front-end and DAQ ed&its is recorded from a GPS
receiver underground that connects to an antenna on thecsurf he resolution of each receiver
is better than 200 ns. Once all ROPs have been read, an em@dérame of data from the whole
detector is sent to a Trigger Processor (TP), with an averaigeof 5 MB/s. There are a number
of triggering algorithms executed by the TP at the Far Detgdi0q].

1. Remote Spill Trigger: The near detector GPS system is tsgénerate time-stamps of the
spill signals. These are transmitted to the far detector thesinternet where they are stored
and served to the TPs. All hit information recorded duringraetwindow around each spill
is extracted and written out as a spill-event.

2. Fake Remote Spill Trigger: Fake spill times are generededomly between spills to pro-
vide random sampling of detector activity.

3. Plane Trigger: M detector planes in any set of N contigydases must contain at least 1
hit. Nominally M =4, N =5.

4. Energy Trigger: M contiguous planes of the detector hawammed raw pulse height
greater than E and a total of at least N hits in those planesnihaly M =4, E=1500
ADC counts, N =6.

5. Activity Trigger: There must be activity in any N planestbé detector. Nominally N =20.
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Typically the Plane Trigger is used, and it is supersededhby3pill Trigger at the appropriate
moments. The average trigger rate is 4 Hz, which results iata thte of 10kB/s. The data is
cached on computers at the Soudan site until it can be traedfeo Fermilab, where events are
reconstructed for use in physics analysis and detectosgstam calibration.
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Figure 3.9: Cut-away of the connection of the PMT to a module

The front-end electronics exist in racks stacked on twd$gvanning the length of the detector
on both the east and the west walls. Each scintillator staip tvo sets of readout electronics
associated with it, to measure the light output at each erideo$trip. The multiplexing pattern
is different for each side, so double sided readout helpakbtke eightfold degeneracy in the
demultiplexing of events. This also has the distinct adsgatof getting a strong signal, no matter
where the event occurred in the plane. Even the best WLS fitdesitttenuate substantially while
sending such a small signal a distance of 8 m, so the duplattronics are necessary for the
reliability of the signal detection. The signals on each arelcompared and verified, and then
combined into a single signal.
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3.4.1 De-multiplexing

One of the important facets of the electronics system is gamndltiplexing (demuxing) algorithm.
This is the way that a single pixel can deconvolve the sigaahfeach individual strip that it reads.
The algorithm is able to determine the likelihood of a patte strip being the cause of the event
in the pixel, and is therefore able to pinpoint the locatibthe hit. This procedure is not flawless,
and a large amount of time was invested in calibrating tiger@hm. As a result of the inherent
experimental imperfections that are associated with thisime, there has been introduced a Fig-
ure of Merit (FOM) to determine how “well” the demuxing algbim performed for a particular
event. Nominally, the FOM identifies the number of misidiéadi, or unhit (“stray”) planes, and
compares them with the properly identified (properly higms in a view, for a particular event.
A threshold has been set to determine what percentage ofdmep constitutes an acceptable
demuxing, and a cut can then be applied to glean properinsteated events.

3.5 Calibration Systems

Accurately determining energy deposition in the MINOS Fatdxtor requires a calibration sys-
tem more sensitive than the measurements it is trying to makareshold of only 0.3 pe in the
photodetection system enables many possible fluctuat@isan manifest themselves as a false
signal, extra noise, or simply a detector malfunction. Tkigegne gain and nonlinear response
of a PMT makes it a delicate device to subdue, and the facfiletattenuation and scintillator
properties can cause light detection characteristicsdi@hge with age make calibration of spe-
cial importance with the MINOS detector. Scintillator mdéekiwere determined to be light tight
before being shipped to Soudan, and they were tested ageintbey were attached to the steel
plane. A final light tightness test was performed after tranplwas hung, but before the plane
was considered complete and buried by the next one. Thefewathings that can go wrong over
time with WLS fiber and scintillating material secured iresid protective steel shell. The elec-
tronics and PMTs, however, have a large number of failureamaott is vital to be able to diagnose
and resolve electronics failures before they manifest dewes as detector failures. This aim is
achieved through the main components of the calibratiotesysLight Injection (LI) and Charge
Injection (CI), and the Veto Shield. A run as defined for theN@IS experiment is a period of
recording data for a specific purpose. There are two genkssifications of runs, ones that take
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data specifically for calibration, and ones that record dataise in physics analysis. Of course,
physics data can be used for calibration efforts, but cafibn runs introduce unnatural effects
that could be misconstrued as anomalous physics. Both thed.Cl systems require special runs
for peak calibration efficiency, and they are of a speciadlaf runs that are interspersed with the
normal physics runs for neutrino and muon data collectiohergé can be many calibration runs
in between physics runs, and the runs are sequenced idbnti€his shows up in the data as a
gap in the distribution of a plot of events versus run numitteis neither a flaw nor feature, just
something for an experimenter to be mindful of, that rungiafi significant cosmic ray data are
not necessarily indicative of a detector malfunction. \@hibt a systenper se cosmic ray muons
provide an additional calibration of detector alignmentadl as a “standard candle” for energy
calibration.

3.5.1 Light Injection

The LI system is a novel way to simulate the illumination of ®#MT in a normal particle inter-
action in a controlled, well understood way. The LI systemossists of a pulser box filled with
light emitting diodes (LEDs) connected to clear optical fibthat are inserted into the detector
snout assembly, the junction of the WLS fibers embedded irs¢hillator with the fibers that
transmit the absorbed light to the PMT. These LEDs can beedusmit a burst of light for a brief
period) at regular intervals, or at the discretion of therapm of the detector, and can operate
during a normal physics run. Pulse height can be precisaiyralbed, as can pulse width, ranging
from 10 — 40 us. The precision of the calibration system is a result of ttet faat the electrical
components are well understood, and that there are no mieehgarts as in filter wheel calibra-
tion systems that can wear and change in unpredictable wilys.pulse heights are monitored
by PIN diodes to account for the small ways the LED output glearover time, and there is no
pulse to pulse jitter [114]. Each LI pulser box assembly aord multiple LEDs, and each LED
can illuminate 640 fibers with as much as 200 pe.

The LI system was designed to be used when the detector isiticipating beam data, since
the PMTs are saturated in the process and cannot be usedddma#iang. A light injection run is
in a class of “special’ runs, and what data is taken is reposte LI data, to distinguish it from
physics data. Indeed, it is a simple matter to differentidigata from particle data as entire pulser
boxes illuminate at a time, making it look like herds of glagiibasketballs are flying through the
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detector. Blue LEDs are used in the pulser box, and the ligithfa single LED is distributed
amongst many channels. Given the large number of varied@agjths the pulse could encounter
because of necessary fiber length variations, it is imptess$d pass an equal amount of light
through each channel. Instead of calibrating with a knowangjty of light, a PIN diode, a stable
solid state device, is used to monitor the output of the LE®the light produced is plotted against
the PMT response. The PIN scale is known to be a linear fumatfidight intensity, and this can
account for nonlinear behavior of the optical readout deviand provide a precise calibration of
optical components.

3.5.2 Charge Injection

It may seem redundant to calibrate the electronics separfaten the optical system of the Far
Detector. After all, these optical instruments are eledtralevices, they are merely specialized to
produce a voltage given a particular light input. This aalttonis entirely necessary, though the
reason is subtle. In the Cl system a known charge is put ietérdimt end electronics and digitized,
producing a response that is recorded over time and dewtliope a function that allows ADC
counts to be quantified. This is necessary for the calibmatibthe PMTs, and the LI system
would be useless without it. The PIN diode is read out by thissene electronics that reads
out the PMT,; their response in this system is dependent otieetother, and no calibration is
possible. Using the CI system, however, provides an alesachitbration of the electronics such
that the response of the PMT can be compared to the the actipaltaf the LI LED, and a real
calibration can be determined.

A digital potentiometer is used to dispense a known quaafigharge into the electronics. The
potentiometer is well understood, and behaves in a way shiatéar to better than 1% over the
range of the ADCI[114]. The ADC will produce a small signal mwehen there is no information
passed to it from the PMT; this constitutes the major compbaogthe electronics noise. Another
component of the electronics calibration is the subtractibpedestals, or electronic noise, from
the data. Pedestals are recorded by measuring ADC countswdwen there is no event in the
particular channel. In the end, calibration accuracy isstziant with the experiment wide effort
to reduce systematic errors to less than 2%.
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3.6 Veto Shield

Its physical structure might make it the most interestingklog feature of the MINOS detector
(see Fig[(3.110), and its purpose may very well be the mostitaph the veto shield is one of those
rare moments in High Energy Particle Physics when the perfeariage of form and function
yields the ideal detector. The veto shield is constructati thie same scintillator material used in
the detector, and differs from the detector planes onlysimitentation and the fact that it does not
have the same steel backbone. The veto shield lies perpgandio the detector planes, and uses
their stability for support. While the design of the vetoedtliwas to eliminate cosmic
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Figure 3.10: Schematic of the components of the veto shield

ray events from a set of beam neutrino data, it also adds &ypmut for the scientific study of
cosmic rays. Any muon that passes through the veto shieldaik entered the detector through
the smallest amount of rock overburden; these are the logvesgyy muons the Far Detector will
accept. This is not inherently a bad thing, the problem isafhresolution and background.
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The study of atmospheric neutrinos involves the analysisltyfand partially contained down-
ward going events in the detector, as well as upward goinghandontal events. Downward go-
ing events originate in the atmosphere above the detectdrpass through the smallest amount
of rock to get to the detector. A fully contained event, asidme suggests, would spend its entire
existence inside the detector. These events are inducedutsimos of low energy, such that they
enter the detector unseen from above, interact with thé siggoduce a low energy muon that
loses all of its energy before it can exit. A partially conid event would be caused by a neutrino
of higher energy, but still of atmospheric origin, that eatendetected, interacts with the steel and
produces a muon of sufficient energy to exit the detectors #ritirely likely that muons could
enter the detector from virtually overhead, between twecter planes, then continue through
a sufficient number of cuts to be considered a candidate fantgamed event. The veto shield
can positively identify a downgoing muon that entered betwdetector planes, and cast it out of
a data set consisting of contained events. The veto shidldletect sufficient downward going
cosmic muons to reduce the background by al6dttimes [115], as cosmic ray muons are the
dominant contamination for atmospheric neutrino analysis



Chapter 4

Cosmic Data Underground

As discussed in Cli] 2 on pafel 10, an underground detectortisybarly suited to the study of
muons, the penetrating component of cosmic rays. Such &tdets virtually singular in its
acceptance of cosmic ray induced particles, indeed onlyrines and exotic particles could also
descend the depths. Cosmic ray induced muons outnumbeineeinduced muons by a factor of
10°, so the contribution from neutrinos is negligible to a cosnaiy analysis.

4.1 The Data

The Far Detector began operation in September 2002, whefirshsupermodule (SM1) came
on line. The second supermodule (SM2) was completed in 0 .2and at this point the entire
detector was operational. The data set in this analysisidesl only that which was taken with
both supermodules magnetized, referred to as the SM1+SM2Tbés spans the period from 1
August, 2003 until 31 December, 2007, for a total of 1614 ddyketector running. Over this span
of time, the detector was live for 70% of the time, includirdheduled downtimes for repairs as
well as unscheduled power outages cause by perfect norii@mesota storms. This represents
a nearly 50% increase in exposure time over the previous MINGsmic ray analysis [60], a
measurement of the cosmic ray inducetl/;.~ ratio. Far detector events can be divided into
three distinct groups, fully contained, partially contdnand through going.

Fully contained events are low energy neutrino induced raubat stop in the detector. They

54
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have an average energy of 1 GeV and include low energy atreasph, andv.. The discrimi-
nation of av, event from noise or a malformed track is difficult becausehefgranularity of the
detector (see Fig.4.1), thus the detector has a very lowiexffig for the detection of, [1186].
This is an extension of the capabilities of the detectort asms designed for the detection f
from a beam at Fermilab.

v

Figure 4.1: A typical snarl, showing a short lived, low resolution etechagnetic event in the Far
Detector. Electrons deposit their energy over such a slistdrtte in the steel that their
signature looks like a smudge.

Partially contained events include downward and upwardgyaieutrino induced muons (con-
tained vertex) that originate in the detector and contafficéent energy to traverse the detector,
and stopping cosmic ray muons that have low enough energthiadeposit all of it in the detec-
tor. Contained vertex events make up the bulk of the atmagpheutrino charged current (CC,
muon type neutrinos that interact via the exchange of a ellafig’ =) boson) sample and have an
average energy of 10 GeV/[117]. A contained vertex neutnimtuced muon track can be seen in
Fig.[42. Stopping muons provide a signal forsitu absolute energy calibration of the detector
and deposit an average of 10 GeV in the detector. They makessghan 1% of the total cosmic
ray muon sample.
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Figure 4.2: A typical track showing some hadronic debris from the intémn of a neutrino with the
steel, then a nice long muon arc. The curvature is the resthieamagnetic field and
allows the determination of charge sign.

Downward through going muons are cosmic ray induced and thassgh the detector, de-
positing little of their total energy. They make up the m#joof the cosmic ray muon data set,
and because they contain such great energy, many of themtdwimve in the magnetic field of
the detector, thus the energy measurement is unreliablenAsmall fraction of these events are
induced by atmospheric neutrinos interacting in the roakasunding the detector, but these are
impossible to discriminate from the cosmic ray induced ngjevhich outhumber these neutrinos
by a factor ofl0°. Upward going muons are induced by neutrinos interactirtgérrock below the
detector. Since the Far Detector has nanosecond timingutesy it is possible to discriminate
the muons that originate in the rock below the detector fropsé that originate above, which
greatly increases the neutrino data samiple][118].

4.2 Reconstruction

The process of interpreting physical meaning from a cabhecof light in the detector is called

reconstruction. For the Far Detector, this involves:

¢ Data Cleaning- distinguishing signal (particle information) from noig@mnything not caused
by a particle: electronics malfunction, environmentakeff etc.)
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e Calibration - the art of mapping ADC counts to physical quantities andapesterizing
errors.

e Alignment - interpreting U,V and Z coordinates as three dimensionehtion in space
(X,Y,2).

e Track Finding - combining spatial coordinates from all hits to determine actual path of
the particle through the detector

e Physics- determining physical characteristics about the now rettanted track (particle
type, charge sign, energy)

The energy response of each module was measured usingraatelli radioactive source (5 mCi
cesium). The calibration is checked against data and stioota and improved corrections are in-
cluded with every software release. Two surveys were choig as the detector was constructed
with sub-mm precision. The alignment of each plane was atderthined with a strip-to-strip
method that used muon data. The track finding algorithm ud€alman filter to determine the
most likely path the particle could have taken, given thédectibn of hit coordinates. Once cali-
bration has been performed, alignment has been taken intauat; and a track has been found,
the physical characteristics of the particle can be detethi

4.3 Monte Carlo Simulations

The collection of particle data is straightforward, but thierpretation of said data is a difficult,
complex question. The difficulty lies in identifying the pale, understanding how a particular
particle interacts with the detector, understanding theabir of the set of particles in the detec-
tor, and understanding the physical processes that gieeaishe class of particles. There is a
wealth of information that has been accumulated about eosays, muon production, muon in-
teraction with materials, particle energy deposition imsiator, and PMT response to deposited
energy, and it can be applied to simulate expected detegsponse. Simply applying analytic
mathematics to detector components does not adequateljasinthe physics of particle detec-
tion that happens on an event by event basis. Rather, theigngenerated at random from known
probability distributions, subjected to known physicabgesses. This process is referred to as a
Monte Carlomethod, a “rolling of the dice”, with the turn of phrase cainby mathematician
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Stanislaw Ulam after the famous casino district in the FneRaviera [116]. In this way, indi-
vidual events, with known inputs and expected outcomesganerated in random way, just like
the data. Unlike the data, however, the input is known anatlieome expected. This way, one
can see what happens when a patrticular type of event occuch &method was employed by
Peter Jacksoet al. while making of the Battle of Helm’'s Deep in The Two Towers9L.1Armies
from both sides were designed with their respective agdliind the number from each side were
put into the simulation which produced an outcome. The satierh had to be run many times to
produce the “correct” outcome (that good prevailed ovel) evi

4.3.1 GMINOS

GMINOS is the general MINO®onte Carlogenerator, which includes
1. Particle generator: beam or cosmic-ray
2. Particle vertex: detector or rock
3. Simulated detector response to the particle

This can be modified by the end user to create a number of eliffgrarticle types in the detector.

Particle Generator

In the case of cosmic ray muon input, a parameterization eflifierential muon flux (EJ_2.20)
at the detector location is used. A distinct method is usedhi® calculation of the neutrino flux
from cosmic ray interactions, developed by Baral.[120]. For beam input flux (not used in this
analysis), a Geant3-based [121] bekfonte Carlowas created by Hyleat al, GNuMI [122].

Particle Vertex

In the case of a cosmic ray muon, vertices were generatee motk surrounding the detector with
a Geant3[[121] simulation of the energy loss mechanismszation, bremsstrahlung, and photo-
nuclear effects. For a neutrino, the interaction with a maltés generated by NEUGEN123].
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Detector Simulation

Once the particle type is chosen from the flux and the vertaletermined, the resulting parti-

cle, typically a muon, is propagated through a simulate@atet. There are three parts to the
detector simulation. The propagation and energy loss op#récle as it traverses the detector
is determined by Geant3. The deposition of energy in thetiator strips and propagation of

the resulting light is determined WyhotonTransportvhile the PMT response and VA electronics
response is simulated etSim[118].

The combination of these software packages results in alaim of the expected input
particles, and how the detector will respond to such an inPuiice the simulated signal has been
“digitized”, the simulated detector information is rectmsted using the same software that is
used on the data (Sdc.¥.2). Thus, the detector performamcbecmeasured and event selections
can be determined.

4.3.2 AirshowerMonte Carlo

While GMINOS does a good job of simulating the detectorpoese to charged particles, input
neutrinos and the gross features of the cosmic ray muon flux,things are missing that are
important to a cosmic ray analysis: information about themprogenitor and information about
the propagation of the muon through the rock above the detetb remedy this, a full cosmic
ray airshower simulation was created. This simulation te®f three parts:

1. Cosmic ray primary flux input

2. Airshower creation and propagation

3. Muon propagation through rock
This simulation provides information about the cosmic raiynary, the creation and decay of
secondary mesons which leads to muon production.
Primary Input Spectrum

The composition of cosmic ray primaries is well known (see.&E1), and the flux of muons
underground only very weakly depends on the chemical spatfithe original cosmic ray. A
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data-driven primary input routine was written by S. Kasah|24], which divides the primary
composition into five groups by mass.

1. Protons: charge +1e, mass 1 amu, 95.0% of the total flux

2. He: charge +2e, mass 4 amu, 4.7% of the total flux

3. CNO: charge +7e, mass 14 amu, 0.3% of the total flux

4. Mg: charge +12e, mass 24 amu (represents Ne - S), 0.01% fted flux
5. Fe: charge +26e, mass 56 amu 0.002% of the total flux

The composition of a particular primary is chosen out of thigribution at random and used to
generate muons.

Airshower Simulation

The COsmic Ray Simulation for KAskade (CORSIKA) [125] pagpids widely used to simu-
late cosmic ray airshowers, and was employed here. CORS#Késtan input primary, selects
and energy out of the known cosmic ray spectrum, then prapaghe cosmic ray and resulting
spallation products (airshower) to the surface of the edBt@RSIKA offers the choice of seven
different high energy hadronic interaction models, andtih@ most widely used models are the
Quark Gluon String model (QGSJel) 1126] and Siby/Il [127]. tlBonodels were used for this
simulation, following the tradition in cosmic ray physics.

The tracking of particle cascades through the atmospheyeiress considerable processing
time, and higher energy cosmic rays produce larger cascHuesmore particles to track through
the atmosphere. Since muons are the the only airshower gwnpaohat is visible in the Far
Detector, and the threshold surface energy for a muon tdveute the Far Detector is 700 GeV
(see Sed416), any particle with energy less than 700 GeVhetsacked through the rest of the
simulation. The primary energy range is set by the user, arog $he cosmic ray energy spectrum
is a power law, the bulk of the flux will be near the minimum. Th&imum energy proton to
produce a muon that will survive to the far detector is 700 Gadduming that the neutrino that
is created in pion decay has negligible energy. Since matsteoprimaries will be injected with
energies near the minimum and the threshold muon energyapqlijes to vertical muons, while
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the majority of muons will come from higher zenith angles aaguire more energy to penetrate
to the far detector (see Séc.4.6), the minimum primary gness set to 2.2 TeV. It was found
that less than 1% of the muons observed in the far detectdd ¢@mve been produced by such
primaries, which is acceptable for the analyses that follow

Muon Propagation Through Rock

CORSIKA produced a file with muon energies and trajectorteabesurface of the Soudan site,
and those muons were propagated through the rock overbbyd@eant4([1211]. Geant4 simulated
the important muon energy loss mechanisms: ionizatiormbsérahlung, photo-nuclear interac-
tions, and Coulomb scattering and tracked the particlegpitsriresulting path until it reached the

detector. The amount of rock a muon would have to traversedolr the detector, given its ini-

tial trajectory and position, were found using the rock magzassed in Se€._4.6. This map was
empirically determined using muon flux data normalized mwlorld average underground muon
intensity for standard rock.

To ensure computing time was not wasted, checks were pegfbon the muon before it was
propagated through the rock. First, the location was sgetiiuch that a muon with the given
trajectory would intersect the detector. Then, the minimmawmentum required to traverse the
particular amount rock was calculated, and if the muon didoesses at least 80% of the required
momentum, it was discarded. All remaining muons were prapatjto the detector hall, where
the momentum and trajectory of the muon were recorded.

4.4 Selection Cuts

All of the software to reconstruct events has been develdyyeMINOS collaborators over the
last eight years. The data in this analysis were recongtiuaiith Minossoft release R1.24 and
R1.24.3. All of the plots were generated with CERN’s ROOTAZ300 [128], and at times utiliz-
ing LOON, MINOS’ customized version of ROOT with additionakperiment specific libraries
and routines. The majority of the computing was done on therim® cluster at the University of
Minnesota. Additional computing utilized facilities at AN and the CLEO Farm at the University
of Minnesota.

The muon data for this analysis were accumulated over a fudiazhalf year span, beginning
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on 1 August, 2003, at which time the detector was fully opena, ending on 31 December,
2007. Beginning with 67.99 million cosmic ray tracks, a semf cuts were performed to ensure
a clean data sample. Entire runs were excluded based onliiwifa criteria [60]:

1. Require physics data, runs must be more than 5 minutes long
2. Detector must be reading all channels

3. Runs must contain “good physics data”, which includesembrtrigger bits, complete read-
out, and minimal dead chips

4. Remove runs with anomalous rates: 0 K72, < 1 Hz

5. Remove runs that the atmospheric neutrino analysis hggefthas having far too many
contained event$ [117,118]

Events were excluded if taken during periods when the dateas not functioning within normal
parameters, mainly due to electronics repairs, the magfielil being out of tolerance, calibration,
etc [60]. In addition to these data quality cuts, upward gdimeutrino induced) muons were also
excluded[[118]. Since the MINOS experiment is designed tasuee beam neutrino oscillations,
there is a different trigger used when the neutrino beamegutts maximize the detection of beam-
produced neutrinos. This trigger is based on the timing ettbam pulse and it opens the detector
to record all hits during 400 s window. The muon data that is recorded0 s of a beam pulse

is excluded since it could be of terrestrial, not cosmic iorigThis cut eliminates a very small
number (2186) of well understood background events. A wf&9.24 million events survived
the cuts for the:™, 1~ combined sample.

| Cut | Fraction Remaining ||
Total Triggers 67.9943 x 10°
1. Reconstructed Tracks 0.8887
2. Good Run List 0.8754
3. Light Injection Remova 0.8713
4. Spill Removal 0.8712

Table 4.1: Percentage of events that survive each cut
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45 Time Distribution of Muons

With the exception of routine maintenance, weather-indysawver outages and shutdowns to re-
pair malfunctioning electronics, the Far Detector has be@ming continuously with a constant
detector configuration. Many of the maintenance and elpitisarepairs took place at the begin-
ning of operations, when new problems offered new challenigat required more time to fix. The
result is stable data accumulation coupled with a slighteiase in the number of muons recorded
as the experiment progressed. The number of muons recoatadgnth can be seen in FIg. K.3,

along with the fractional uptime of the detector. The dimition of rate per run can be
x10°
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Figure 4.3: The number of muons accumulated per month of detector rgnaiong with the
fractional livetime of the detector. Note overall incre@senonthly muon recording,
corresponding with the increasing uptime of the detector.

seen in Figl4l4.
Events that are known to arrive at random can be describetiebitorder gamma function
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Figure 4.4: A histogram of the distribution of rate per run. The disttiba is well described by a
Gaussian with? /ndf = 145/48, u = 0.469 4 0.000 Hz and
o = 0.00805 4+ 0.00011 Hz.
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with N as the normalization factor arid' A as the average time between events. The order M is

G(t;\, M) = NA (4.1)

for a particular series of events; M=1 far (— tg), M=2 for (¢, — ty), and so on. The first order
gamma function becomes a simple exponential:

G(t: A\, M =1) = Nxe ™, (4.2)

This is the expected arrival time difference between camsex events, and it can be used to
predict future or simulated events. This function was shawvlescribe the muon arrivals in
MACRO [130]. The time between consecutive underground naraxals has been shown

N,/0.5(s)
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Figure 4.5: The time between consecutive cosmic ray muon arrivals. A fit Poisson
distribution [131] givesy?/ndf = 52/69; (R,,) = 0.4688 + 0.0001 Hz (from slope). The
Poissonian nature of the muon arrival times demonstratealibence of short-timescale
systematic effects on the data.

to follow a gamma function (Poisson of order one) for MACR@I]. A histogram of the time
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between consecutive muon arrivalsi(,) in the MINOS data is shown in Fig._4.5, along with a
Poisson expectation. The fit result from Hig.J4.5 was usedntb the mean ratgR,,) 0.4688 +
0.0001 Hz. The fact that the data is so well described by the Poissarnldison demonstrates the
absence of short-timescale systematic effects on the @h&livetime for each run was calculated
by adding the time between consecutive muon arrh@%f_f‘l) At,. Any At, > 38 s was assumed
to be an instrumental downtime and excluded from the caticula

To further analyze the time between muon arrivals, a studypeaformed of the time elapsed
between the arrival of the first muomgj and the subsequent four muorts, {3, t4,t5): (t2 —
to),(t2 — to),(ta — to)(ts — to). The second, third, fourth and fifth order gamma functiomsenfit
to time differencest;, — tg), (t3 — to) (t4 — to) and ¢5 — to), respectively. The correlation of the
measured time distributions with these functions is digpdiain figure$416 and 4.7. The list af
values for each order of the gamma can be seen inffafile 4.2.

Table 4.2: The A values for each order of the gamma function.
M | A(Hz)
0.4688=+0.0001
0.467681-0.00004
0.468704-0.00003
0.468734-0.00003
0.46874+0.00003

Q| WIN|F

4.6 Spatial Distribution of Muons

A muon that stops in the detector will deposit less less tls@&V, but attaining a 20 GeV energy
deposition requires that the muon pass the length of thetdetevhich is oriented horizontally.
Since a very large zenith angle is required to be able traviérs entire detector end to end and
the distribution of muons falls off rapidly with decreasingnith (see Fid._419), very few muons
will stop in the detector. Determining the energy of the mbgrthe energy deposited is therefore
quite difficult for the majority of muons. The magnetic fielktends the momentum determining
capability of the Far Detector by bending the trajectoryhaf particle, which allows momentum
determination up to 250 GeV. Unfortunately, many of the nawaill enter the detector at a small
angle relative to the magnetic field, which is toroidal abthd z axis (the axis that points to
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Figure 4.6: Histogram of {; — tg)(crosses) and{ — ty)(circles), fit with a second order (M=2) and

third order (M=3) gamma functions.
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Figure 4.7: Histogram of {4 — tg)(crosses) and{ — tg)(circles), fit with a fourth order (M=4) and
fifth order (M=5) gamma functions.
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Fermilab).

Perhaps more interesting to a study of cosmic rays is the mtumreof the muon at the sur-
face. While it is rather difficult to precisely project the oruback to the surface and determine
its momentum, with a few assumptions it is possible to egénilae momentum to within about
10%. The arrival trajectory of the muon is well known, the amiof rock traversed for a given
trajectory can be found, and the amount of energy requirddat@rse a column of rock is well
known (Eq[Z2Zb). The amount of rock a muon must traverse §iven arrival trajectory ¢, cos 6)
is found by measuring the intensity for the trajectory andmalizing to the Crouch world aver-
age [132]. The the rock overburden of the Far Detector is 7@®what is known locally as Lake
Vermillion Greenstone. The density of the Lake Vermillione®nstone, though far from uniform
and interspersed with pockets of iron ore2i8 g/cm? on average, which gives a column depth of
2100 mwel[124] for particles coming down from directly abdkie detector. While this is rather
shallow in comparison to other underground muon telescdbese are other features that make
MINOS a useful and unigue detector. MINOS has a nearly fldt overburden, so its slant depth
varies smoothly as a function of zenith angle, which distislges it from experiments such as Su-
per K and MACRO, which were built in mountains and had divesiaat depths for a given zenith
angle. Thus, the surface muon energy can be found by integrgf.[ZZb from the detector to
the surface. The surface energy spectrum can be seen [0.8ig. 4

MINOS was designed to detect particles moving horizonttdilpugh the earth, not coming
from the sky (see Chl 3), so its sensitivity increases withrekesing zenith angle, and thus increas-
ing rock overburden. The number of events falls off as a fionodf increasing slant depth,
so this feature of the Far Detector is of little advantagd&ogtudy of cosmic particles when taken
to extremes. This can be seen in figlrd 4.9 asiacreases (approaching the horizontal). The
dip as codf) goes to one (approaching the vertical) is the effect ofelesing detector acceptance
for particles coming straight down (parallel to the planeEle maximum detector acceptance is
for particles traveling horizontally through the detecsimce it was designed to detect particles
sent through Wisconsin from Fermilab. Even more tellinghaf tetector geometry is the view
of events in azimuth, figule"Z110. The south cardinal diogcate = 180°, with north at
¢ = 360°(0°).

The preferred coordinate system when studying astrondrofijacts is one that is stationary
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Figure 4.8: The surface energy spectrum for muons that survive to theéedtactor. The mean of the
distribution givesE') = 0.9 TeV.



2000

N,/0.0111

15001

1000|—

500—

o

Figure 4.9: The zenith distribution of downward going muons in bins ofi@igsolid angle €os 6).

cos (0)

71

The distribution falls off drastically as c®) — 1, because of detector geometry, and

gradually as cd®) — 0, because of increasing slant depth.
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Figure 4.10: Event distribution in terms of azimuth, defined@s- 0° to the northg = 90° to the
east.



73
relative to the object being studied. Celestial coordimate almost the inverse of horizon coordi-
nates, with a point on the sky as the basis as opposed to agro@arth. Celestial coordinates use
an imaginary grid projected on the sky, centered on the Eagtjuatorial plane. Azimuthal

Morth
j celestial

e

"

equi nox o
. ascenaion I'

|Sout1
1celestial
I pole

[

Figure 4.11: Celestial coordinates, superimposed on the celestiarephe

angle is right ascension (RA;), and it ranges fron° to 360°. RA is measured eastward from
the Vernal equinox. Astronomers tend to use hours insteatkgfees, to be consistent with the
lines of longitude on Earth, but in this analysis, degredkhbei used for computational ease. The
angle out of the equatorial plane is declinatiol, fanging from+90°. An astronomical object
precesses with respect to an observer on earth (reachemnith 2arlier on successive days) by
four minutes (°) since it takes 365.25 days for earth to cover3dhie® sidereal year. The
effect of the difference between sidereal year and an Eadn ks seen in the variation (dip) in
the RA distribution of muons, as in figuie4112. The detectaswown for maintenance on the
same day every week in the beginning of running. That dowatimcame a fraction of a day as
maintenance became routine, so the downtimes would driftith the various sidereal times, and
thus right ascensions, giving the distribution a smoothigbead of a sharp dropoff. Also, these
downtimes were longer at first, leaving a more distinct mankttee RA distribution of muons.
This distribution illustrates the increasing percentagévetime for the detector. The
declination distribution of muons in the Far Detector doeshave a uniform exposure, as shown
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Figure 4.12: The RA distribution of muons in the Far Detector. The dip ia thstribution is a
feature of detector livetime, since RA is a function of tilNmte that the vertical scale
is hundreds of thousands of muons, so the dip has an overgiiinde of~ 1%.



X
RN
o

w

1200

1000

N,/0.0111

800

600

400

200

1
=

1
o
a1
[EnN

sin(3)

Figure 4.13: Declination distribution of muons in the Far Detector. Tharp dip at~ 45° is the
effect of detector orientation and acceptance, while trexail/decreasing trends on
both sides of the distribution show the effects of incregsilant depth.
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in figure[4.IB. Since the detector lies on its side, the raegéeced on declination5° is underex-
posed. Also, the rock overburden restricts the search tihewr hemisphere objects. This means
that the all sky survey for cosmic ray point sources will bafazed to two major regions af in
the northern hemisphere, but unrestricted by RA.

4.7 The Study of Astrophysical Particles in the Far Detector

Using the ideas developed in chajifer 2, we can gain an uaddisg of the astrophysical particles
seen in the Far Detector. For cosmic ray muons coming fromctr overhead, the minimum
energy required to penetrate the rock overburden of the Faeddor is 700 GeV. While this is
on the low end of the cosmic ray energy scale, it allows a lastgtistical sample than would
greater depth since cosmic ray primary flux as a function @frgy falls off asE—27. Taking
the zenith angle to its limit increases the slant depth tadibmeter of the earth. Though itis a
gross approximation, if the rock that composed the entirthegas of similar density to the rock
above the Far Detector, the slant depth would be on the ofd&ro10® mwe It would require
a muon of higher energy than ever detected to travel even 1#tioklant depth. Despite this
fact, there are muons that are detected as coming from tleg sithe of the earth, and they are
of great importance. These muons are induced by neutrinesaitting with the rock below the
detector. This is a viable way to detect neutrinos, put thedler in a place that no other particle
could penetrate. Though downward going events may be neuinduced, if an event can be
determined to have originated from below the detector, $ui®ly neutrino induced. This fact is
of great importance to the search for a correlation betweegtiges in the far detector and Gamma
Ray Bursts.

The highest energy cosmic ray primaries are of the mosténtdo a point source search, as
they have minimal deflection by the galactic magnetic field aright actually give rise to muon
astronomy by conventional means (see chdgter 2), ratharrtbey and exotic physics. Their
extremely low flux makes them difficult to study with an undergnd detector, however. While
surface experiments have the luxury of placing detectaiesadkilometers of rolling prairie to see
one or two particles from an EAS, underground detectors@méireed to contiguous configurations
limited by cavern size, material transport cost and assgffiellsibility. The entire surface area of
the Far Detector visible to muons, neglecting known aceegtassues, is a mere 506 mNere
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the detector on the surface, it would see one event with grofipe order102°eV every 40years
Underground, because of the power law falloff in energy spet as a function of slant depth, it
would take 90 years for such an event to be detected. MINOS@/ilinable to make a statement
about the behavior of these enigmatic particles, givenithill not detect any. Therefore, were
a cosmic ray point source to be detected by the Far Deteaior fower energy cosmic rays, it
would signal the existence of some exotic new physics.



Chapter 5

Seasonal Effect

When cosmic rays interact in the stratosphere, mesons aguged in the primary hadronic
shower. These mesons either interact again and produce émeegy hadronic cascades, or decay
into high energy muons which might be observed deep undengrdWhile the temperature of the
troposphere varies considerably within the day, the teatpes of the stratosphere remains nearly
constant, only changing slowly over longer timescales siscteasons. Increases in temperature of
the stratosphere cause decreases in density, reducingdheecof meson interaction, resulting in
a larger fraction decaying to produce muons. In additioa,hight of the primary cosmic ray in-
teraction increases with increasing temperature. Thigtes a higher muon rate observed deep
underground[[59, 138, 134]. The effect increases as highergg muons are sampled, because
higher energy mesons with increased lifetimes (due to tiile¢iah) are involved. The rate of low
energy muons at the surface is also affected by the temperbacause the varying production
altitude changes the chances of the muon decaying befarkinggearth, an effect not relevant for
detectors deep underground which only see much higher gpertjcles.

The Far Detector has a 5.4 kton fiducial mass afa x 10° cm?sr [135] acceptance. Its
depth, large acceptance and flat overburden make it possibleserve cosmic-ray induced muons
of minimum surface energy 0.7 TeV and thus detect the smais®l fluctuations in the flux
of deep underground muons. The seasonal effect increasesi@s energy increases, and the
large acceptance of the Far Detector allows a significaniraatation of statistics with which
to perform this analysis. The Far Detector is the deepeséngnound detector with a magnetic
field, which allows the separation of particles by chargeisTilows the first measurement of

78
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seasonal variations for™ separate fromu—, as well as a measurement of a seasonal variation in
the cosmic ray charge ratio. A new model was developed taibesthe observed effect, and is the
first to include the contribution from kaons. Collaboratieith atmospheric physicists has made
available atmospheric temperature data from the Europeanr€ for Medium-Range Weather
Forecasts (ECMWF) at the Soudan slte |136]. This temperatiata set has higher precision
than any other used for the seasonal variation analysisnmitlan data used in this analysis were
collected over four years, from August 1, 2003 to July 31,72208is period was chosen because
it includes four complete annual cycles and numbers 55.1&mmuons.

5.1 Motivation

5.1.1 Muon Intensity Underground

The intensity of muons underground is directly related ® phoduction of mesons in the upper
atmosphere by hadronic interactions between cosmic rayshennuclei of air molecules. It is
assumed that meson production falls off exponentiallya¥/2y where Ay is the absorption
mean free path of the meson producing cosmic rays and X islé#m depth of atmospheric
material traversed. Itis also assumed that the mesons thasame direction as their progenitors,
that the cosmic ray sky is isotropic in solid angle at the tbphe atmosphere, and we neglect
ionization. These are particularly valid for the large gjies of the mesons that produce muons
seen in the MINOS Far Detector. In this approximatidny is constant. We will consider two
meson absorption processes: further hadronic interagtidki/ A, where dX is the amount of
atmosphere traversed and M is eitherar K meson (charm and heavier meson production doesn't
become important unti- 10° TeV), andM — puv, decay,

5.1.2 Temperature Effect on Muon Intensity

The temperature changes that occur in the atmosphere ammifimtm, instead occurring at mul-
tiple levels, and neither muon nor meson production occtumna particular level. It would be
very difficult to record the temperature distribution of thnosphere and try to determine where
in this distribution a particular muon was created. Theuyrbdtions that variations in tempera-
ture cause inu intensity are small, however, and as a result properly ahasmospheric weights
can be used to approximate the effective temperature oftthesphere as a whol&.g. Define
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nN(X) = (T(X) — Tog)/Tesr, andeps = €3,(1 +n), whereel, is the constant value ef,; when
T = Teg. This is the temperature that would cause the obsepvedensity if the atmosphere
actually were isothermal. To quantify the temperaturecféa intensity, the temperature depen-
dence of Eq2.13 on paf€el21 needs to be considered. The meshtion term in EqC214 on
pagd2ll can then be expanded:
% = ZAL]\][VINOe_X/’\N — M(E, X, cos §) ALM + % : (5.1)
The analytic solution to this differential equation is difflt to find since;(X') is an arbitrary
function of X'. A solution to first order inp(X’) can be found by expanding the exponential
in a power series, and then following the procedure outliakbdve, beginning with EG_21L5 on
pageZlL. The solution can be written &$(E, X, cos §) = M" — M*, where M°(E, X) is the
solution where: = ¢, which occurs at temperatui@e = 7. is given by:

0
7 X —€j;/E cosf 0
1 _ 4NMm —X/Ar M
E X, 0) = No(E — —
M ( ? Y ) /\N 0( )e <A]\/[> ECOSH
/X XmnAM X/ E(])W/Ecosﬁ—i—l 1 - X,/At]\/[
0 X' \ Ay em/Ecos@+1 ep/Ecosb+2

P AL 2
lM — .5 (5.2)
2lep/Ecosf + 3

If Ecosf > €}, then the integrand is very small andX’) = n(X). This is the case
when interactions dominate, as time dilation effects altbese very high energy pions to travel
a great distance before decaying. Hfcos § < €%, then the pions will not travel as far before
decaying and the integrand is large only when X' is near X, again,n(X"’) can be taken out of
the integral [[59].

Writing the solution ofM whereT = T.4 asM° and lettingens = €9, (1 +7), an expression
for the change in muon production induced by temperaturnatrans can be found. Define M =
M — MY, then

Z 9 nX 1
AM = /<V]\J/V[ No(E)e™ /M #ZSQ % H (enm(X)/E cosf + 1)2
X/ Ny 1 (X/AY)° B }
(em(X)/Ecosf+2)2 2l (ey(X)/Ecosf+3)2

I 7/ YRR S 7/
e,/Ecosf+1)2  (Y,/Fcosf+2)2  2!(Y,/Ecosh+3)2

(5.3)
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To first order inn, this expression reduces to:

ZNM —X/A EO 77X 1 QX/A/
AM = =—"=N, /Anr ZM - M 5.4
M AN (E)e Ecosf (€%;/E cos 0 + 1)? (%;/E cos 0 + 2)2 4)
1 3(X/Ay)?
2! (e9,;/Ecosf+3)2

Using Eq[ZIP on padeR3 and [EQ.2.20 on dage 23, an exprdesithe change in differential
muon intensity can be found:

dI, % 9 Eulra qB 7 X
A_ _ M / W= NMN E —X/An "M
dE, /0 d XcosO(1—rum) Jp, E? Ay 0(B)e Ecosd
1 2X/Ny, 1 3(X/N),)? (5.5)
(emr/Ecos®+1)2  (ep/Ecosf+2)2 2l (ep/Fcosf+3)2 7 '
which can be written:
dl, _ Znw (& ' BTV / T dxe X/
= X Mnl 5.6
dE, AN <Eu cost) (1—rn) Jo dXe i (2), (5-:6)
where
e 2X/A
In(2) :/ ( 2) 70 2
1 2=\ (%, /E, cos@—l—z) (€3;/Ecos b+ 22)
1 3(X/A),
+ o (X/A3)° e s (5.7)
2! (e9,/E, cos@+3z)

Now, a solution to this integral can be found B}, > ¢, (1) and forE,, < e, (IF):

/ /N2
BB = —g -y 1= 2SI
o~ (= X/ ANy
- % [1— (rar)"*?] 1;) (n!(n/;q;
= % [1 — (TM)'y-H’:] (1— =X/, )ﬂ

By = —— En COSH) {1—2X/AM+%3(X/A’M)2—...}

EMCOSQ> (—X/N))"(n+1)
n!

E, cosf

'y+1 <

— ’Y+1 TM ’H—l <
TM 'y+1

€M

> (1= X/Ay e X/ N (5.8)
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These expressions can be combined in a form that is validifenargies (Eq_2.20 on pagel23):

1, B AL,

~ dX (1= X /Ny )2e XMy (X) , (5.9)
dE, 11— Znn /0 M 14 B, K(X) (E,cos0/e%)”
where
o= Zym 1= (m)*
M (1—rg) v+1
gl = (+3)1- (rar) "
S R I R N (PO
K(X) (1 - X/Ay)?

(1— e X/A)AL, /X

The exact solution foI@(Eu) has been replaced with an approximation that preserveshys-p
cal behavior of the system at low energies. These low energons are relatively insensitive to
changes in temperature because they decay before they bhgaee to interact. So, this equation
describes the expected behavior that mesons at very lowiesewill decay fairly high in the at-
mosphere. It should be noted that these mesons will notibatgrany muons to an underground
detector, because the muons they produce will be below thettbld energy.

There is a slight dip in this distribution as X approacidg, which results from the approx-
imation made to join the high and low energy solutions for dpproximation to EJ.5]16 on the
preceding page. The low energy solution will go to zero whén= A’,, and below zero when
Ey, < epr. The reason for this is that these low energy muons have dtieheinergy that they
decay in flight, producing a deficit in muons correlated to gerature changes (the “negative
temperature coefficient” related in older literaturel[584,1138]). This effect is not seen by de-
tectors deeper than 50 mwe, such as MINOS. The fact that itherelip and subsequent rise for
X > 480¢g/cm? does not affect an analysis for a detector deeper than 50 rimee the weight
is integrated over the entire atmosphere in discrete ste@X and properly normalized, and this
atmospheric depth is unimportant for the production of nmauon

Remembering tha(X) = (T(X) — Tog)/Tesr, the relationship between atmospheric tem-
perature fluctuations and intensity variations can be anitis:

Al, = AﬂdEH: / an(X)ALmeX/A”f (5.10)
Ein dEH 0 eff
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where the temperature coefficientX) can be written:

oo Al E—(’H-l)
a(X) :/ dE, 1M K - (5.11)
Eun 1+ By, (E,cos/en)

Recalling that M applies independently to K amdnesons and that the total muon intensity is
the sum of the contribution by K and(Eq.[ZZ6 on page_24), the temperature induced change in
muon intensity can be written as:
AT(X)
eff

Al, = / dXo(X) X/ 4 / an(X)AT(X) eX/Mx (5.12)
0 0

Teff

Thus far, T.g has been treated as an arbitrary constagt.cannot be arbitrary, however, since
it determines the weighting of the various atmosphericlesach that the isothermal atmosphere
approximation can be made. Knowing thatX') = (T'(X) — Tegr) /Tet, €t T be defined such
that whenl'(X) = T, Al, = 0, which gives:

_ Jo dXT(X)a™(X) + fi dXT(X)a" (X)
B JoSdXam(X) + [;° dX oK (X)

eff (513)

Since the temperature was measured at discrete levels;ttred entegration was done numerically
over the atmospheric levelS X,,:

SN AX,T(X,) (W + WE)

Teg ~ (5.14)
Yoo AXy (Wi + WK)
where
W = ALe=Xn/A (1 — X, /N
" v+ (y41) BLK(X,,) (Ey, cos 0 /ey)?
WK = Ajee /M (1 — X /A
" Y+ (y+1) B}(K(Xn) (B4, cos H/EK)2
_ 1 y2
Koo = =X/

(1~ XM Ay /X

and1/A’, = 1/An—1/Ay. Using the appropriate values for the constatts= 1, AL = 0.054,
Bl =147, B}, = 1.74 (Eq.[E9 on the preceding page)y = 120g/cm?, A, = 160g/cm?
andA = 180g/cm? [43] as well as the experimental value for the threshold @néf;;, cos 6 =
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0.7 TeV, a numerical value of the effective temperature can be folitude that the expression to
calculatel g in the pion scaling limit, ignoring the kaon contributiorarcbe written

SN AKX X (/e — X/
. ZTJYZO Aan/Xn (G_X"/AW — e_Xn/AN)

(5.15)

This recovers the MACRQ [133] calculation for effective {genature.
With this definition of effective temperature, an “effe@ivemperature coefficient” can be

defined: (r41)
1 [e’¢) [e%¢) Al E- 9l
or == / ix [ dE, M . (5.16)
L) Jo By 14 B}, (E, cosf/en)

whereIS is the intensity for a given temperature T. Now that the ajphesic temperature has

been parameterized and the effective temperature coeffidefined, the relationship between
atmospheric temperature fluctuations and intensity variatcan be found:

AL, ™ AT(X) ATy
== /0 aXa()= ) —ar S (517)

The theoretical prediction afr for properly weighted atmospheric temperature distrimuti

can be written (Eq.5.17) as:
_Tol,

OT = =5 3 -
I or
Barrett [59] shows that for a muon spectrum such adEq] 2.20gdZB, the theoretical; can
be written in the more useful form:

(5.18)

Ey, 01,
10 0By,

ar = (5.19)

This can be calculated using the intensity found in[Eq.]2r26agd 2K and a little algebra:

1 1/6]( + AK(I)W/DK)2/E7r

ar = — 5.20
T Dy 1/ex + Ax(Dx/Dxg)/ex (5.20)
where
vy €
D, = 1,
v+ 11.1E, cosf +
Dx = v €K

1
v+ 11.1E;, cosf +
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and Ax = 0.054, the same coefficient as for the kaon contributiomé¢oititensity. Note that this
can be reduced to MACRO's previously published expressioridr).. [133], which was only
valid for pion induced muons, by setti)x = 0 (no kaon contribution).

Al, is the deviation from the overall average muon intensﬂglis the muon intensity eval-
uated at a given temperatuie anda(X) is the coefficient relating changes in temperature to
changes in intensity as a function of slant depth X, the gailth through the atmosphere.

The atmosphere consists of many different levels that vanticuously in temperature and
pressure, and meson production does not always occur aathe gressure level. A viable way
to study the effect of temperature on muon rate is to appratérthe atmosphere as an isothermal
body. Of course, the atmosphererigt and isothermal body, as seen in the solid line in Eigl 5.1
on the next page. The surface of the earth is at approxima@®@®») hPa, and the density of the
atmosphere falls off exponentially beyond 1 hPa. The waightf the atmosphere is done with
carefully chosen levels such that the essential hadromézaation physics is included and can
be treated with a characteristic temperatlire [[59} 133} is defined as the effective temperature
the atmosphere would have were it an isothermal meson pircgleatity, weighted exponentially
with increasing height because high energy muons tend todukiped higher in the atmosphere.

The critical energy values are of particular relevance te #ifect since the relationship be-
tween meson energy and meson critical energy mediate atiteneor decay probability. A meson
with energy greater than its critical energy is more likadyiteract than decay, and the proba-
bility of interaction increases with energy. The weight &ach pressure leveli(T + WX) is
shown in Fig[&ll on the following page, normalized to oneisThistribution reflects the domi-
nant atmospheric features that produce muons visible tdezie under 2100 mwe of earth. The
most probable height for a cosmic ray proton to interact thatvery top of the atmosphere, and
the most probable meson that produces a high energy muoreithahis produced high in the
atmosphere. High energy mesons that are produced lowee iatthosphere have a greater prob-
ability of interacting a second time, and thus greater podita of producing muons that argot
seen by MINOS. These effects are reflected in this distaibuthat properly weights the various
atmospheric temperature levels such that the isothernpabaimation can be applied.

The intensity for a detector counting discrete particlas loa written as:

R, — / L,(2)e() Aoy ()42, (5.21)

whereR,, = N, /t, the number of muons observed over a particular time petidd,. is the total
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Figure 5.1: The four year average summer temperature at various atradsglepths (solid line).
The range is from 1000 hPa (1 hPa 819 g/cm?), near Earth’s surface, to 1 hPa (nearly
50km) , near the top of the stratosphere. The dashed line iwdight as a function of
pressure level used to fifllg. The weights are determined by Eq.3.14 on dade 83.

effective area of the detectat,is the efficiency, and the expression is integrated over dfid s
angleQ2. The detector configuration has remained constant overrttie @ata collection period,
S0 Ayt IS constant. The detector is triggered by a particle thatesal least four hits in five con-
tiguous planes. The result is a well-reconstructed tradkrajth at least 0.3 m, which corresponds
to a minimum muon energy within the detector of 100 MV [13Hjis eliminates any low energy
or non-muon backgrounds. Atmospheric neutrino interastio the detector are so rare that they
provide a negligible contribution to the intensity, (thdutpeir intensity should also be affected by
the change in atmospheric temperature). Detector infiiabduld cause fluctuations that obscure
intensity variations by reducing the efficiency term in thaan intensity. However, the detector
reconstruction includes redundancy so that inefficientiesny one plane do not reduce the ef-
ficiency to find the track. The planes use the stable mediuntastip scintillator as their active
detector, and the regular calibration of the light detatgstems assures detector stability ]109].
Thus, the geometric acceptance is constant over time arlf.JEfjon pagé 84 and Eg. 5121 lead
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o AL, _ AR,/e(Q)Ain(Q) _ AR, (5.22)
I (Ru) [e(@) A () (Ry)
whereAR,, is the deviation from the mean muon rate for the particutaetperiod.
Now that the atmospheric temperature has been parametetizedefined, and an expres-

sion for the experimental intensity determined, the refahip between atmospheric temperature

fluctuations and intensity variations can be written:

o AT(X AT AR
[ axeCO Ty e = (523)
Eq.[52B is the expression that will be used to experimgntigtermine the effective tempera-
ture coefficientar. As the muon energy increases, muon intensity becomes ipiamal to the
meson critical energy. The critical energy, in turn, depehcearly on atmospheric temperature.
Thus, for high energy muons, the effective temperaturefioierfit approaches one. This dimen-
sionless parameterr then is the fraction of mesons that are sensitive to atmogptegnperature

variations.

5.1.3 The Data

The muon data for this analysis were accumulated over a fear gpan, beginning on 1 August,
2003, at which time the detector was fully operational. Bagig with 55.18 million cosmic ray
tracks, a series of cuts were performed to ensure a clearsdatple. Entire runs were excluded
based on the criteria described [in][60]:

1. Require physics data, runs must be more than 5 minutes long
2. Detector must be reading all channels

3. Runs must contain “good physics data”, which includesembrtrigger bits, complete read-
out, and minimal dead chips

4. Remove runs with anomalous rates: 04 zosmic ray rate< 1 Hz

5. Remove runs that the atmospheric neutrino analysis hggefthas having far too many
contained event$ [117,118]
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Figure 5.2: The time between consecutive cosmic ray muon arrivals. A fit Poisson

distribution [131] givesy?/ndf = 45.59/68; (R,,) = 0.4690 & 0.0001 (from slope). The

Poissonian nature of the muon arrival times demonstratealikence of short-timescale

systematic effects on the data.
Events were excluded if taken during periods when the datees not functioning within normal
parameters, mainly due to electronics repairs, the magfielil being out of tolerance, calibration,
etc [60]. Since the MINOS experiment is designed to measeaenbneutrino oscillations, there
is a different trigger used when the neutrino beam pulses drimrize the detection of beam-
produced neutrinos. This trigger is based on the timing @ttbam pulse and it opens the detector
to record all hits during 400 s window. The muon data that is recorded0 s of a beam pulse
is excluded since it could be of terrestrial, not cosmic iorigThis cut eliminates a very small
number (2186) of well understood background events. A twf&3.12 million events survived
the cuts for theu™, ;~ combined sample. Upon examination of the data, it was fobatldn
three days there were fluctuations that deviated greatty Bumilar days. The great stability of
the detector over the 1461 days of data made these days stgrahd the experiment logbook
confirmed that exceptional events occurredy, September 25-26, 2003, when new timing system
firmware caused channel failures) and the data from thesewlese excluded from analysis. After
all cuts were applied, 96.3% of the data remained.
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The time between consecutive underground muon arrivaléas shown to follow a gamma
function (Poisson of order one) for MACRO [131] as well as MIN (Sec[4]5). A histogram
of the time between consecutive muon arrivals in the MINO® dk& shown in Fig[5]2 on the
preceding page, along with a Poisson expectation. The fittreem Fig.[5.2 on the facing page
was used to find the mean rgig,,) 0.4690 Hz +0.0001. The fact that the data is so well described
by the Poisson distribution demonstrates the absence dftitn@scale systematic effects on the
data. To find the rate for each day, the number of muons cowmddivided by the livetime in
seconds for that day.

The consistency and availability of European Centre for MedRange Weather Forecasts
(ECMWF) atmospheric temperature data at the Soudari si6} fiv@r the period of time in which
the muon data was recorded ensures a high statistics tetmgesample.T.g¢ was found using
the ECMWF global atmospheric modél [136]. The model usesrabaun of different observa-
tion methods (land surface sounding, satellite soundipgeuair sounding) at various locations
around the globe, then interpolates for a particular l@catFor this analysis, The ECMWF model
produced atmospheric temperatures at 16 discrete preesets: 1000, 925, 850, 700, 500, 400,
300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 hPa (1 hPal8 g/cm?), at four times, 0000 h,
0600 h, 1200h and 1800 h each dai.g was calculated four times each day using these tem-
perature values and EQ. 5114 on pégk 83, then averaged. Thestddistical error onl ¢ was
estimated by calculating® = (T%) — (Tug)” .

The experimentally determined parameter, (Eq.[5.22B on pageB7), is a dimensionless value
that depends on the daily deviation frafR,,) and (7.¢). The deviation from the mean rate was
calculated as\R,, = (R4ay — (Ry))/ (Ry)- A histogram of the deviation from the mean rate per
day over the entire set of data is shown in [Eig]l 5.3 on the nagép The errors in the daily rate
were calculated from the square root of the number of evavidedi by the livetime. A typical day
at(R,) = 0.4690 Hz yields ~40,000 muons, resulting in error bars of order 0.5%. The etque
variation with season is clearly shown, with maxima in Augaisd minima in February. These
maxima peak at rates that are within 0.5% of each other.

For the four year period7.s) = 221.44K. The deviation from(T.g¢) was calculated as
ATog = (Tegr,aay — (Terr))/ (Tegr) - The distribution of AT, over the data period can be seen
in Fig.[5:4 on the following page, with strong periodic sewcorrelation with the data. There
is also striking correspondence between Eigl 5.3 andEhfds.short term maxima and minima
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Figure 5.3: The daily deviation from the mean rate of cosmic ray muorvalsifrom 8/03-8/07,
shown here with statistical error bars. The periodic flugares have the expected
maxima in August, minima in February. The vertical bars gadie the period of time
when the detector ran in nominal reverse field mode.
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Figure 5.4: The daily deviation fromT,¢) over a period of four years, beginning when the Far
Detector was complete, 08/03-08/07. The vertical barscatdithe period of time when
the detector ran in nominal reverse field mode.
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over a few days’ span.

Aplot of AR, (AT.x) was produced (Fig.5.5) for each dayis?,, andA T, data to quantify
the daily correlation between rate and temperature. To fiedvalue fora, a linear regression
was performed using ROOT’s MINUIT_[140] fitting package. Fhiackage performs a linear
regression accounting for error bars on both the x and y asiisgua numerical minimization
method. The result of this fit is a correlation coefficienty@ue) of 0.906, and a slope afy =
0.877+0.010. As a cross check, a routine that performed a fit with errotsvimdimensions from
Numerical Recipes in C++[129] was used. It produced a rédeittical to MINUIT.
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Figure 5.5: Aplotof AR,/ (R,) vs. AT/ (T.q) for single muons. The fit has a
x%/ndf = 1460/1441, and the slope isr = 0.877 4 0.010.

As a cross check, the daily deviations/®f were put in a histogram of temperature deviations,
binned by0.4 %. The bin size was determined by the peak of the error digtdbdor T.¢, +0.2 %,
and this is comparable to having a graph of points with irttiial error bars 0f:-0.2 %. This is
referred to as the “temperature series calculation”. Théthmod is particularly well suited for
a low statistics sample such as the charge separated an¢hesi[5.116 on padel97), where the
errors in the daily rate fluctuation af@rgerthan the rate variation over a season. In a low statistics
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situation, the systematic error in the temperature seriethoa is smaller than the statistical error
in the time series. The temperature series R(T) plot for th&l tmuon sample can be seen in
Fig. 5.8. A linear regression was performed on this tempegaseries, resulting in
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Figure 5.6: A histogram of the temperature series analyAi&,,/ (R,,) vs. AT.x/ (Tes) /0.4 % for
single muons. The fit has)@ /ndf = 35/19, and the slope isr = 0.858 & 0.010.

ar = 0.858 £ 0.010. This result is consistent with the time series calculation

To compare this result with the MACRO resuliy was calculated using the MACRQ.¢,
Eq. 5 [133] and integrated t25 g/cm? to provide the most direct comparison. This calculation
resulted incp = 0.835 + 0.011, consistent with the AMANDAI[134] and MACRQ [133] results,
which are lower than the MACRO pion-only predictidn [133]. férther calculation ofvy was
performed using the IGRA temperature data. The resultayas- 0.817 + 0.011, which is lower
than the result described above using ECMWF temperatuge dettis value is consistent with
the reported value within the lower statistics and systanator introduced by the fact that the
temperature data is taken 150 km away from the detector @eESLb on the following page).
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5.1.4 Sudden Stratospheric Warmings

While the temperature of the stratosphere is constant cay imescales and changes slowly
with the seasons, there are well known events which dishiptltehavior. The breaking of the
polar cyclone has been observed during winter many timesamorthern hemisphere, and less
often in the southern hemisphere.

Planetary waves in the atmosphere can have horizontal erayids of several thousand kilo-
meters. In winter, these waves can propagate up to the sptace and can cause upper atmo-
sphere vortex structure. Just like waves in water, theseesvaanbreakand cause temperatures
in the polar stratosphere to rise by over 50K in a few days.s€havents are known as Sudden
Stratospheric Warmings (SSW) and appear as a displacemsplitting of a large persistent low
pressure system which resides over the pole, known as thertime stratospheric polar vortex.
The distribution of the major land-masses provides a meéggmerating these waves, as air is
pushed up as it moves over steep terrain. Thus, most obeeEvaif SSW have been near the
north pole. Such a temperature anomaly was observed in themof 2005 and can be seen in
Fig.[5.1.2 on the next page The muon data over the winter ofi-2005 can be seen in
Fig.[5.8 on pagé95. The spike at the beginning of Februarybeaexplained by the SSW de-
scribed if5.TK on the next page. A study of SSW detectioh mitons detected by MINOS
has been submitted to Nature Phys|cs [141]. This is the fir&t & SSW has been observed with
a muon signal, and may give rise to new means of investigati@atmospheric physics.

5.1.5 Systematic Errors

To estimate the error caused by using the Internationas FaRA data, which was measured some
distance away from the muon data, the relationship betweeffective temperature and muon
rate was found for other locations. The IGRA network includeany sites throughout the world,
so an additional seven sites were chosen for their locattative to the detector. These sites
surrounded the detector in all directions. It was found thate was no measurable correlation
between separation in longitude and effecbgn There is a dependence @f on latitude, which
was estimated by plotting(ALat) and fitting a line. The slope of that line, multiplied tyLat
of the detector from International Falls gives an error @38.

One source of error is in the value ¢y, cos @), which is used in the calculation @f.g
(Eq.[EI3B on pagE_83). This value was chosen as the minimungyenequired for a muon to
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Figure 5.7: Effective temperature (left) and potential vorticity at®&(right) for 6 and 16 February
2005 (top and bottom respectively) derived from ECMWF. Yiaite X' and
107*Km2 kg 's~, respectively. The location of Soudan is marked byXarFigure

from [1417].
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daily muon ratet-1 standard deviation registered at MINOS Far Detector (radive
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traverse the depth of the Far Detector, which has its ownrtaeioées. Rather than quantifying
these uncertainties individually, the value (@, cos 8) was varied (.7 £+ 0.1 TeV), which was
then used to calculaie;. The effect of this variation was a deviation of less thah01.

Another source of error could come from the use of the ECMWhpierature data, as op-
posed toin situ measurements in the atmosphere above the detector. Thisveas estimated
using Integrated Global Radiosonde Archive (IGRA) balldemperature measuremenis [142]
and ECMWF data at International Falls, MN for measurementsoan and midnight. The two
distributions had a correlation of 0.986. The distributmirthe differences between these values
was well described by a Gaussian distribution witk= 0.46 K, which was assumed to be a sys-
tematic error associated with each temperature measuteribe ECMWF data is preferable to
the IGRA data for a number of reasons:
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1. the data set is more complete: 262 days of IGRA data did as¢$ pata quality cuts and
were excluded from the data set. Most important is the feat tiiie balloons had varying
maximum altitudes, and many times, the balloons could rasthréheir maximum height in
the winter, which could introduce a bias if more summer thamtev data is included.

2. The IGRA balloon flights were performed at Internationall$; MN, USA, about 150 km
northwest of the Far Detector, which introduced a systamatior in o estimated to be
+0.036.

The systematic error was estimated by choosing at randomdificagion out of theTy — 11
distribution, including it in the daily average value Bfy, and recalculatingvy. TheTg — 17
distribution was reduced by the factgf2 to account for the fact that tHg distribution is not free
from instrumental error, and the deviationBf from 77 is an overestimate of the actual error in
the model. This resulted in a changenip 4+ 0.014.

Since the seasonal effect is cyclic and the peak-to-peatuéitions of both muon rate arfdg
vary less than the statistical error on each data point,gtésumed that the averagewf for the
four years is the same as the mean of the four individual gadye This may not be the case,
however, so a study akp for individual years was performed. The data was broken foto
samples, with each sample containing data from an entireoxea the period August 1 to July
31. The first subsample contained data from 366 days, simtevds a leap year, and each of the
next three subsamples contained data from 365 days. Botintheseries and temperature series
a7 were calculated for each subsample, and the results are aripeah in Tabl€5]1. For the

Table 5.1: Fit statistics ofxp for one year subsamples.
| Time Period \ ar | R | X?/ndf |
Aug 1, 2003 - July 31, 2004 0.893 4+ 0.023 | 0.870| 419.4/360
Aug 1, 2004 - July 31, 200% 0.875 4+ 0.018 | 0.935| 349.9/361
Aug 1, 2005 - July 31, 2006 0.869 4+ 0.021 | 0.908 | 337/353
Aug 1, 2006 - July 31, 2007 0.889 £ 0.024 | 0.891| 335.6/362

time series{ar) = 0.881 4 0.022, which is consistent witlior) from Sec[5.118 on padeld7.

year

The systematic errors described in this section have beemsuized in Tablé5l2. These
systematic errors were added in quadrature and are inclwitbdhe error from the linear fit to
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Table 5.2: Inputar parameter values and associated errors.

| Parameter | Value | Units ||
Ey,cosf | 700+ 100 GeV
Bl 1.460+ 0.007 -
B 1.740+ 0.028 -
(Tesr) 221.435+ 0.46| K
| Ex. Total | 0017 | % |

obtain the experimental value afr = 0.877 £+ 0.010 (stat.)+0.017 (syst.).

5.1.6 Charge Separated

For the charge separated sample, further cuts were redoiextlude events with low confidence
charge sign determination. The curvature of the track isl usedetermine the momentum and
charge of the particle, so cuts on number of planes, tracjtteand confidence of charge sign
measurement were determined to maximize the purity of thepka The additional cuts are:
Analysis Cuts

1. “Single Track”, only one track found by the reconstruntagorithm.

2. "Fit Quality”, a track withxf% /ndf < 1.. Atrack that was poorly reconstructed might not
have reliable pointing.

3. “Fiducial”, a muon vertex must begin within 50 cm of theatdbr in X, y, and its endpoint
must be less than 50 cm outside of the detector

4. “Track Length at least 2.0 m”, any event with a track shttan 2.0 m may not be reliably
reconstructed.

5. “Number of Planes at least 20", a track that passes fevagiegl may not give reliable strip
information to the track fitter.

Charge Confidence Cuts

1. “Track Quality Cut” charge over momentum divided by theoeiin the determination of
charge over momentun@j‘l/@ > 2.2),
a/p



98
2. Minimum Information Cut (MIC),” a track was required tovgsat least 60 planes where the
hit information was within 3.5 m of the detector center”][60]

The cuts and associated values were determined from peeirigastigations of the muon charge
ratio [60].

A different reconstruction algorithm was used for the resplublished in PRD (R1.14), so
crosschecks were performed to ensure the same level of datygwvas maintained by the cut
values placed as they were. The data selected was the sampke ased in the MINOS Charge
Ratio Paper[]60], that which was accumulated from AugustQD32to February 28, 2006. A
summary of the effect of these cuts on this sample is showrabie[5.3. To make a

Table 5.3: Fraction of events that survive charge-separation cutthiCharge Ratio paper data set
(8.1.03 - 2.28.06) for the current reconstruction. Thigsgbn was made to provide a
scaled comparison of reconstruction version.

Forward Reverse
Seasonal Cuts (SdC.511.3 on page B2p.457 x 10° | 7.505 x 10°
Fraction Remaining
Analysis Cuts
1. Single Track 0.964 0.964
2. Planes 0.675 0.675
3. Length 0.671 0.671
4, Xfcit /ndf 0.664 0.664
5. Fiducial Volume 0.631 0.632
Charge Confidence Cuts
1. Track Quality Cut 0.232 0.231
2. MIC 0.057 0.057

fair comparison, the cut statistics from the published payre scaled to begin with a track that
passes the Seasonal Effect cuts, for a proper comparis@geasin Tabl€5l4 on the next page.

A few differences arose between the two datasets. The defirof the track fit quality,y?,
changed between reconstruction versions, so the acconmgeadigtributions changed as well. The
spirit of this cut remains with the new maximum value of 1, asven in Fig[5.9 on pageIDO(L),
while Fig.[59 on pagETID0(R) showg /ndf for R1.14. Other distributions that were
compared include charge ratio as a function of “Track Qualiut” (current reconstruction in
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Table 5.4: Fraction of events that survive charge-separation cutthfoCharge Ratio paper data set
for the R1.14, used in the MINOS Charge Ratio PRO [60].

Forward Reverse
Seasonal Cuts (S€C.5.11.3 on phge BZ2.91 x 10° | 7.405 x 10°
Fraction Remaining
Analysis Cuts
1. Single Track 0.924 0.928
2. Planes 0.701 0.703
3. Length 0.697 0.693
4. vait/ndf 0.676 0.679
5. Fiducial Volume 0.541 0.543
Charge Confidence Cuts
1. Track Quality Cut 0.178 0.177
2. MIC 0.061 0.060

Fig.[510 on page 101 (L), R1.14 in Fig. 5110 on pagd 101 (Rj)cmarge ratio as a function of fit
momentum in the detector (current reconstruction in Eifl®n pagé101 (L), R1.14 in Fig.5]11
on pagd101 (R)).

While there are very slight differences in the distribusaas well as the fit values, the overall
agreement is striking considering the fact that Cedar usesptetely different track fitting and
finding algorithms as well as different magnetic field maps.

As described in160], the proper way to combine the forward maverse magnetic field charge
ratios such that systematic differences between them tanbg the geometric mean. For the
current reconstruction, the total charge ratio as a functi track quality cut can be seen in
Fig.[5.12 on pagéI06 (L), and the total charge as a functidiit aiomentum can be seen in
Fig.[512 on pagEID6 (R). The systematic effects that causetige in the distribution in one
field direction appear as a reflection in the opposite fieldigaration, and thus cancel.

The charge ratia for both these distributions are well witlhie systematic errors of the pub-
lished charge ratio,

r= 1.3741’8:8%3 (sys.). (5.24)

Thus, it can be concluded that the systematic differencesdam reconstruction versions have
been examined and the charge selection cuts that were djpltbe previous reconstruction are
still valid for the current reconstruction.
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Figure 5.9: Thex?/ndf distributions; for the current reconstruction (L) and feconstruction
R1.14 (R), used for the published muon d&té [60]

After these additional cuts, the charge ratio for forward agverse fields are combined such
that geometric acceptances to cancel (geometric mearg.gids 1.376, which is well within the
systematic errors of the published MINOS charge ratio [60].

Fig.[5 13 on page_1D7 shows the deviation in rate for bothtipeditop) and negative (bottom)
muons, binned by day.

In all, 5.7% of the data set survived these cuts for both thedad and reverse field detector
configurations. A temperature series analysis (describ&ec[5.113 on padeld7 for the all muon
sample) was performed to findy for 4+, ©—, and the charge ratio. The temperature series
analysis was used because the extra charge separatioreduterthe statistics significantly, and
the temperature series analysis is less sensitive to Idistita. The temperature series R(T) plot
for the u™ andp~ samples can be seen in Aig.3.14 on dagé 108. For the chagatsep
samples(ar),+ = 0.782+0.056 , (ar),~ = 0.788+0.066 . These numbers are consistent with
each other, so there is no measurable difference betweeerthgerature effect op™ and .
The hard cuts that were required for a high purity charge I8ulted in an implicit high energy
cut. Sinceay increases with muon energy (Eq.3.20 on pade 84), the facthba values are
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reconstruction (L) and the reconstruction R1.14 (R), usedhfe published muon
data [60] . The top plot is the forward field distribution, thettom plot is the reverse
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Figure 5.11: The charge ratio as a function of fit momentum for the currenonstruction (L), used
for the muon data in this analysis, and for reconstructiorlR{R), used for the
published muon dat&[50] . The top plot is the forward fieldribsition, the bottom plot
is the reverse field distribution.
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Table 5.5: Fraction of events that survive charge-separation cuttfoentire Seasonal Effect dataset
(8.1.03-7.31.07).

Forward Reverse
Seasonal Cuts (Sdc.511.3 on phage Bp.378 x 10° | 7.748 x 10°
Fraction Remaining
Analysis Cuts
1. Single Track 0.964 0.964
2. Planes 0.675 0.675
3. Length 0.671 0.671
4, vait/ndf 0.664 0.664
5. Fiducial Volume 0.631 0.632
Charge Confidence Cuts
1. Track Quality Cut 0.232 0.231
2. MIC 0.057 0.057

lower for the charge separated sample is consistent witexpectation.

Sincea is measured experimentally as the change in number of mudiested over a period
of time with respect to the change in temperature, this pimemmlogy can be applied to changes
in the charge ratio. The charge ratio is givenby= N, /N,-, and an effective temperature
charge ratio coefficienty can be written:

H AToff

) (Te)

whereAr = N+ gay /N~ day — (7). A temperature series analysis was performed on the daily

deviation of the charge ratio, and the-(T") plot can be seen in Fig._5115 on p&gel109. For the
charge ratio samplérr) = 0.05+ 0.13. The reportedyvr values include both fit errors as well as

(5.25)

systematic errors added in quadrature. The values;oéire consistent with each other and with
the result from the all muon sample. As expected, there warbrerved temperature dependence
on the charge ratio.
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5.2 Comparison ofa to Expectation

The theoretical prediction af for properly weighted atmospheric temperature distrifuttan
be written as:

T 01,
= ——. 5.26
T T0ar (5.26)
Barrett [59] shows that the theoretiea can be written in the more useful form:
Ey, 01,
= —— — 5.27
ar 1,9 OE,, Y ( )

The prediction forar can be calculated using the differential muon intendity] [@3d a little
algebra (see Selc.5.1.2 on pagk 79:

1 Ve + Ak(Do/Di) e

le} 5.28
T Dy 1/ex + AL(Dx/Dk)/ex (5.28)
where
Y Err
D, 1,
v+ 11.1E;, cosf +
Dx = Y €K

1
v+ 11.1E, cosf +

Note that this can be reduced to MACRO's previously publiseepressionay) . [133], which
was only valid for pion induced muons, by settidgr = 0 (no kaon contribution).

To compare the experimentalr to the theoretical expectation, a simpionte Carlocalcu-
lation was performed to find the expected average value diyeq.[5.2D on pagé~B4.A muon
energy anatos # were chosen out of the differential muon intensityl[43], Adam azimuthal an-
gle, ¢, was chosen and combined witts 6 and the Soudan rock overburden miag [60] to find the
slant depth D (kmwe). The threshold surface energy reqdoed muon to survive this column
depth is found from the expression for threshold energy.[®0fhe chosenr,, was greater than
Ey,, itwas used in the calculation of the theoretical-). This was repeated for 10,000 success-
ful £, to find (ar) = 0.865 £ 0.015 for MINOS, which is very near to the experimental value,
0.877 + 0.010 (stat.)40.017 (syst.). The uncertainty on the expected valuexpfwas found by
estimating the relative contribution to the error from eaelfue used in the calculation. These
uncertainties are summarized in Tablel 5.6 on the next page.

To compare the MINOS result with other underground expeniisiethis process was repeated
for standard rock, flat overburden, ahd= H/ cos #, where H is the detector depth in mwe, using
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Table 5.6: Inputar parameter values and associated errors.

| Parameter | Value | Units |
~ 1.7+ 0.1 -
My 139.57018+ 0.00035 MeV/c?
T 2.6033=+ 0.005 1078s
mig 493.677+ 0.013 MeV/c?
TK 1.2385+ 0.0025 10 %s
my, 105.6583693+ 0.000000003| MeV/c?
H(T) 6.4+0.1 km
€r 114+ 3 GeV
€K 851+ 14 GeV
Rock Map | +10 %
| Th. Total | 0.015 I

10,000 successful muons at depths from 0 to 4,000 mwe. Th# ofshis calculation, along with
data from other experiments, can be seen in [Eig.]5.16 on[pHEjed the solid line. This curve
includes the “negative temperature effect” (muon decayeotion) term,

&' = (1/E cos0)(m,c*H/ct,)(v/v + 1) In(1030/\, cos ) [B9], which goes to zero foE,, >

50 GeV. Two results included in the MACRO survey [133] have beenwsded because their
calculation ofa cannot correctly be compared to the other results. Podl®&)] [did not calculate
an effective temperature coefficient, rather they calealahe correlation between underground
muon rate and the temperature of the 100 hPa temperaturg Vevieh is not the same as the
effective temperature coefficient measured here. Utah][di4i7not publish error bars and touted
the fact that their result was consistent with the Poatirsailte The Shermari_[144] result was
recalculated using the methods described above. Notethather results usedfag expression
that did not include kaons.

The kaon component of air showers that can be observed atmid@ds about 10%, but the
energy is too low for kaon-induced muon production to becéfé by changes in temperature.
The result is the large gap between the pion only curve an# theurve. As the depth increases,
the energy of sampled muons also increases, which resudtgyieater contribution by kaon in-
duced muons terr. The asymptotic behavior of the theoretiegt approaching one as primary
energy increases is expected from Eq.b.18 on pape 84. Athighyprimary energies, the in-
tensity is proportional to the critical meson energy, whitdpends on temperature . Thus, for
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an isothermal atmosphere, intensity will be directly pndjomal to the temperature (the constant
of proportionality, a7, will be one). The MINOS result matches the expectation aasltighter
error bars than both recent results, AMANDA{.05) [134] and MACRO {0.07) [143]. The
dashed line is the result of the same calculation using th&€€R@ calculation ofar) . [143].
The new kaon-inclusivéar) distribution fits the data with &2 /ndf = 8.0/9, an improvement
of Ax? = 3.9 compared to the pion-only distribution.
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Figure 5.12: The charge ratio as a function of fit momentum (L) and tracKigueut (R) for the
current reconstruction, used for the muons data in thisyamlThis plot is for
combined forward and reverse muon data.
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Figure 5.13: (top) AR,, for u* (open triangles) and~ (open circles) muons, binned by day.
(bottom)AT.g, binned by day. Both distributions show the expected sedson

fluctuations seen in the combined muon sample. The vertaalibdicate when the
detector ran in nominal reverse field mode.
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Figure 5.14: A histogram ofAR,,/ (R,,) vS. ATex/ (Tesr) /0.4 % for (L) and ™ (R). The fit
results arevy = 0.782 & 0.056, x2/ndf = 27.6/19 for i, = 0.788 & 0.066,
x2/ndf = 20.9/19 for u~.
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Figure 5.16: The new theoreticalar (X)) (solid curve) and the MACRQu 7 (X)), (dashed curve)
for slant depths up to 4000 mwe. The MINOS point is from thialgsis,
Barrett 1, 2[[59], AMANDA [134], MACRO [1438]; other points arTorino [137],
Sherman([1444], Hobarf [145] and Baksan [146]. The greenisirike upper error
bound, and the blue line is the lower error bound.



Chapter 6

Atmospheric K/t Measurement

The physics behind the seasonal effect has been studieddtigiby a number of groups over the

years, mostly with the aim of applying the knowledge to aisbr studies. The most complete

treatment of the seasonal variation in underground muamgity was reported in Chl 5, and some
extensions to that study are reported here.

6.1 Seasonal EffecMonte Carlo

A full cosmic ray airshower simulation was developed forshely of processes that affect the pro-
duction of muons that are observed underground. Musite Carlowas described in SeC._Z4.B.2.
Each day’s environmental conditions were obtained from BE@GMWF was found using their
global atmospheric model [1B36]. Temperature and geopateneight (gravitational potential
energy per unit mass at that level) were determined on aaeguéssure grid four times daily, at
0000 h, 0600 h, 1200 h and 1800 h. The standard input for COR&l&an atmospheric data file,
which contains pressure and density information on a rechdight grid from 0 to 120 km. To
find the height of a pressure level, the Hyposometric eqnagiintegrated from the lower pressure
level boundaryP;, to the higher pressure level boundaFy, [148]:

R Ph
g9 Jp

AH = (T)dln P, (6.1)
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where R = 8.31432 J /mol - K is the ideal gas constant, = 9.807m/s? is the acceleration of
gravity, and b

h

(ry= 2o 2T P<hT> P 6.2)

P dln P
This integration is done for each pressure level, and thaltreg A H values are summed. The
integration constant, or initial height of the first pressilevel, is given by the ECMWF global
atmospheric model [136]. The density can be foungby pnP/RT, wherey = 28.9644 g/mol
(the average molecular weight of the atmosphere) assurhatgthie atmosphere consists of an
ideal gas. The pressure on a regular height grid is found avithbic spline implementation from

the Gnu Scientific Library [149].
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Figure 6.1: The atmospheric scale height as a function of pressure d@eehged for summer months

(red line) and winter months (black line). The pressurelleaee at a greater scale height
in the summer than winter, which contributes to greater npraaluction.

The environmental data obtained from ECMWEF includes teaipees up to a pressure of
1 g/cm?, which corresponds to about 50 km. This is the part of the apthere where muons are
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Figure 6.2: The atmospheric pressure level as a function of densityagesr for summer months (red
line) and winter months (black line). The pressure levetslass dense in the summer
than winter, which contributes to greater muon production.

produced (see Sdc. #.1). Above this level, there is not gificnaterial for an incident cosmic ray
to have a high probability of interaction, so the rate of ugdeund muons is insensitive to changes
in this part of the atmosphere. Some reasonable values wegsssary for input into CORSIKA,
but the seasonal effect simulation is not dependent upomadberacy of these values. For the
levels immediately above the ECMWF data to 86 km, the 1976 ta8dard Atmospheré [150], a
parameterization of the stratopause, mesosphere and mesnpvas used. The remainder of the
atmosphere, up to 120 km as required for the simulation jnpssgd the COSPAR International
Reference Atmosphere (CIRA)151], an empirical atmospheodel. CIRA compiled monthly
mean temperatures at geopotential heights from 0 to 120 ken101? latitude grid. The temper-
ature as a function of pressure at the latitude of the Souilarasd the pressure on the regular
height grid was interpolated from CIRA. An example tablehswn in Tabl€ Gl and Table™6.2.
This procedure was repeated to simulate the atmospherd fgtéd days in the data set.



Table 6.1: An example atmosphere input file, 0 - 25 km.

Col. #1
Alt [km]
0.000
1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000

#2
rho [g/cm?]
1.25071e-03
1.12427e-03
1.00394e-03
8.99860e-04
8.10952e-04
7.31993e-04
6.59421e-04
5.92402e-04
5.29315e-04
4.64255e-04
3.99369e-04
3.43047e-04
2.95384e-04
2.54804e-04
2.20125e-04
1.89515e-04
1.61884e-04
1.37514e-04
1.17482e-04
1.01307e-04
8.72189e-05
7.43340e-05
6.29749e-05
5.33730e-05
4.53639e-05
3.86584e-05

Atmospheric Model 2003-11-11 06:00:(

#3

thick [g/cm?]

1.02332e+0
9.04592e+0
7.98416e+0
7.03148e+0
6.17516e+0
5.40464e+0
4.70995e+0
4.08485e+0
3.52645e+0
3.03272e+0
2.60186e+0
2.23111e+0
1.91245e+0
1.63765e+0
1.40079e+0
1.19704e+0
1.02241e+0
8.73005e+0,
7.45253e+0
6.35772e+0
5.41979e+0
4.61756e+0
3.93329e+0
3.35176e+0
2.85784e+0

0

2.43804e+0

[ =y =y =y ==y =y =y =y S 2 SR (SR RN S NS (CRN AR AR SR SR SR (SR S B S R (SRS

114



Table 6.2: An example atmosphere input file, 27.5 - 120 km.

Col. #1
Alt [km]
27.500
30.000
32.500
35.000
37.500
40.000
42.500
45.000
47.500
50.000
55.000
60.000
65.000
70.000
75.000
80.000
85.000
90.000
95.000
100.000
105.000
110.000
115.000
120.000

Atmospheric Model 2003-11-11 06:00:(

#2
rho [g/cm?]
2.60008e-05
1.73950e-05
1.16140e-05
7.82649e-06
5.28124e-06
3.53219e-06
2.37083e-06
1.60132e-06
1.13324e-06
8.01979e-07
4.08454e-07
1.99225e-07
9.25112e-08
4.06027e-08
1.66762e-08
6.50137e-09
2.39035e-09
8.25379%e-10
3.33027e-10
1.29747e-10
5.14015e-11
2.15041e-11
9.74607e-12
5.01924e-12

thick [g/cm?]

#3

1.64010e+0
1.10595e+0
7.48571e+0
5.08647e+0
3.46844e+0
2.37824e+0
1.65662e+0
1.15786e+0
8.19402e-0
5.79882e-0
2.78600e-0
1.27724e-0
5.55182e-0
2.27028e-0
8.83628e-0
3.25460e-0
1.12664e-0
4.53465e-04
1.77037e-01
7.09783e-0
3.08776e-0
1.52705e-0
8.74905e-0
0.00000e+0

OO OUTUOUTUr S WWWIVvVIVFEF PP P OOOOOORFRPRF

0
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The interpolated atmospheric data on the height grid is showig.[61 &6.2. Figl 61l shows
the atmospheric scale height as a function of pressure. |&Va red line is the summer average,
the black line is the winter average. Fig.J6.1 shows the apmasc pressure level as a function
of density. The red line is the summer average, the blackisitlee winter average. Because the
variation between summer and winter density is so smallxthgis was truncated to show the
behavior in the region of interest, from®30 g/cm? to 1 g/cm?.

After the atmosphere was simulated for each six hour peridkde data set, the seasonal effect
was simulated by producing a constant number of cosmic @h@ivers and propagating them
through the particular atmosphere. MINOS records abo@®muons underground per six hour
period, which requires the simulation of 2.5 million airgkers with energies above 2.2 TeV. Since
the number of airshowers is constant and the rock does ngt theer variation of the atmosphere
using the input data files simulates the seasonal effecteSlire simulation of muons through rock
is very CPU intensive, only one year was simulated for eagh lkeihergy hadronic model. The
simulated change in muon rate can be seen in[Elg. 6.3, withetih@oints representing QGSJet
and the black points representing Sibyll. The correspantiimperature distribution can be seen
in Fig.[62.

The deviation in rate is nearly identical for each hadronarel, and there is a clear correlation
between the change in temperature and the change in rateefeirhulated muons. A time series
analysis, described in Séc. 1.1 and shown in[Eld. 6.5, wdsmpeed on the simulated data to find
ar(sim)0.736 = +0.021 which is not consistent with the measured value (see[Se8)®mdwith
the predicted value (see SECI5.2).

Since this is a full cosmic ray simulation, information abthe meson that generated a particle
observed in the detector is known. Thus, it is possible testigate the seasonal effect separately
for pion induced muons and kaon induced muons. Plots of the sieriesA R(AT') can be seen
for pion induced muons in Fi§._8.6 and kaon induced muonsgn@il.

It encouraging to see that the atmospheric input producedegpected daily fluctuations,
and that the seasonal effect was observed inMlomte Carlo However, it is worrisome that
ar = 0.735 + 0.02 from the simulation is significantly lower thamr = 0.876 £+ 0.01(stat.) &
0.017(syst.) from the data. Since the temperature data was convoluted arheight grid and
used as input, one would expect higher correlation betwéanges in muon rate and changes
in atmospheric temperature, as well as better agreemehtthwgt measured seasonal effect. The
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Figure 6.3: The change in mean rate for simulated muons during the fiestgeMINOS running,
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Figure 6.4: The daily deviation fromT.¢) over a period of one year, beginning when the Far
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08/03-08/04. The black triangles were simulated with Sjlwhile the red circles were
simulated with QGSJet.

Detector was complete, 08/03-08/04.
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AT (%)

Aplotof AR,/ (R,) vs. AT.s/ (Tes) for simulated single muons. The black triangles
were simulated with Sibyll, while the red circles were siateld with QGSJet. The fit
has ax?/ndf = 552.5/359, and the slope i6.729 + 0.01999 for Sibyll, and

x?/ndf = 508.4/359, and the slope i8.7435 + 0.02214 for QGSJet.
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Figure 6.6:
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AT (%)

Aplotof AR,/ (R,) vS. ATer/ (Tew) for simulated pion induced muons. The black
triangles were simulated with Sibyll, while the red circlesre simulated with QGSJet.
The fit has a2 /ndf = 524/359, and the slope i8.7958 + 0.0233 for Sibyll, and

% /ndf = 513.5/359, and the slope i6.7996 + 0.02483 for QGSJet.
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Figure 6.7: Aplotof AR,/ (R,) vs. AT/ (T.q) for simulated kaon induced muons. The black
triangles were simulated with Sibyll, while the red circlesre simulated with QGSJet.
The fit has a2 /ndf = 449.4/359, and the slope i8.5422 + 0.03707 for Sibyll, and
% /ndf = 378.1/359, and the slope i6.5316 4 0.04742 for QGSJet.
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theoretical prediction for the totalr is 0.865 £+ 0.015, which is in good agreement with the
observation. Recall that in the pion scaling limit, only msoare assumed to contribute to the
seasonal effect. Such an effect can be written:

i €
<=1 1|, 6.3
(ar) / {7 +11.1E, cost * ] 63)

Similarly, if only kaon induced muons are considered to gbate to the seasonal effect, an

expression can be written to find this component:

Y K
_ . 6.4
(ar)x =1/ {7 V1T 1B cosf } ’ o

This way, a prediction can be made @f (7) = 0.928 + 0.008 andap(K) = 0.635 £ 0.029.
The theoretical value fatr () is greater than th&onte Carlovalue by 0.13, and the theoretical
value forar(K) is greater than th&onte Carlovalue by 0.098, which are on the same order of
magnitude as the difference between the tatalfrom the data aniMonte Carlo(0.14). Such
large disagreement between the data Btwihte Carlosuggests the following possibilities:

1. The seasonal effect is not well understoodhis is doubtful because there is a significant
correlation (0.91) between the changes in rate and changemperature in the data.

2. There are large errors in the atmospheric inputThis is a likely cause of at least some of
the disagreement. Surely the temperature changes are mmg@icated than the simplifi-
cations that were made so that the calculation was possible.

3. The Monte Carlo does not accurately account for this atmospéric physicsThe Monte
Carlo simulations employed for cosmic ray physics are very googredicting gross fea-
tures, but the detailed level of this investigation mightlegond current capabilities.

Changes in atmospheric temperature cause changes inihgrpinteraction height, which is im-
portant to shower development and therefore airshowemrarpats. This is a matter that warrants
further investigation.

6.2 «r as aFunction of £ cos 6

It has been shown that the relevant parameter regardingrgnoded muon intensity is surface
energy times the cosine of the zenith angle (§ec.12.1.5 ahdd@®}. It has also been shown that
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the theoretical expression far; depends orE cos 6 (Sec[5.R). This distribution can also give
insight into discrimination between the MACRO model andtieev K model.

Since theE cos 6 distribution falls off rapidly for higher energies (SécB#and the seasonal
effect is statistically limited, the data were divided irfitr bins, with the last bin containing all
the data that was greater than 2 TeV. The temperature seeit®thwas used because of statistical
considerations (Se€.5.1.3). The muon data were integfaiadthe minimum value to infinity to
account for the fact that the theoretical expressiorfplis dependent upon the threshold energy.
The distribution ofar(E cos @) can be seen in Fi§. 8.8, along with the MACRO model and the
new Kr model.
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Figure 6.8: The plot ofar (E cos §) data, along with the theoretical expectation from[Eq} 618 T
lower horizontal error bar denotes the low limit of the bime fpoint denotes the average
value of the bin,

The lower two data points show good agreement with the newni@del, while the higher two
data points fall somewhere in between the models. This aisaly extremely statistically limited,
and further data collection by MINOS will not improve thetigtics because the daily rate is the
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important quantity. It is possible that further investigator a larger detector could make a more
definite statement.

6.3 Method for K/7 Ratio Measurement

The difference between the pion-only and kaon inclusive ehfat the seasonal effect suggests
that it is possible to measure ti#€/7 ratio for £, >1TeV. Previous measurements have been
made at accelerators for P+P collisions_[[152], Au+Au cidhis [153], Pb+Pb collisions_[154,
155]. Many other older measurements for various reactisessammarized in[156] and refer-
ences therein. This measurement has never been made-fod,;,,, where 4,;,, is an atmo-
spheric nucleus, most often nitrogen.

The intensity for muons can be written as (Eq._2.22 on page 23)

A x =0+ 1
I, = / . ( + iU ) (6.5)
g, cm?srGeV \1+1.1E,cosf/ex 1+ 1.1E, cosf/ex
— 1 7
~ BxE," . (6.6
* Ein <’7—|—(’7—|—1)1.1Eth0089/67r+’7+(’7—|—1)1.1EHCOSQ/EK> (6-6)

The theoretical prediction af for properly weighted atmospheric temperature distrifuttan

be written as:
T ol

12 or

Barrett [59] shows that the theoretica) can be written in the more useful form:

ar (6.7)

Ey, 01,
0 0By, |

ar = (6.8)

This can be calculated using the intensity found in[EJ. 6cbalittle algebra:

1 l/EK + AK(I)W/Z)K)Z/E7r

Dr 1/ex + An(Da/Dr)/ex (6.9)

ar

where

Y Err
1
~v+11.1E;, cosf +h
Y €K
1
v+ 11.1E;, cosf +
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This is the kaon inclusive model. In the pion scaling lintie theoreticat has the simpler form:

2 €
=1 1
/ v+ 11.1E;, cosé T

(ar)r (6.10)

The theoreticabvy asymptotically approaches one as energy increases. Tlaisseat for very
large energies, the muon intensity is proportionad,tevhich depends linearly on temperature.
The expression for the experimentat is written as

AR, _  Alg
= QT
<R,u> <Teff>

whereR = N/t. The fluctuations in rate will be proportional to the flucioat in temperature.

(6.11)

Since Ey, > €., We expectur to be nearly one for pions. This will not be the case for kaons,
sinceEy;, ~ ex. Thus, we expect the kaon influence to cause an overall decirdotala,. We
can then break the left hand side of Eq. .11 into meson coensn

ART + ARK
At By _ ATe (6.12)
<Ru> + <Ru > (Terr)
Rearranging gives:
T K K
(Tow) (ARL  ARS) | Bl Ne (6.13)
ariTer \ (Rz)  (Fp) ;N

Recall that in the pion scaling limit, only pions are assunuecbntribute to the seasonal effect.
Such an effect can be written:
ARj AT
o = (ar)r
<RZ> <Teff>

Since this is a linear effect that is found by counting raites, possible to apply the same separa-

(6.14)

tion to the kaon component. The kaon component can then Iemri
K

AR

(Rff)

The ratio of the muon counting ratég‘/RZ; is equivalent to the ratio of muons from kaons to

ATOH
<Teff > ’

= (ar)K (6.15)

muons from pionst/N’r, which will be writtenr, (K /7). Rearranging and inserting Hg. 6 14
and Eq[&.7b into Eq. 612 gives:

K
r(K/m) = é <(OZT)7T + (ar) K iii;) -1 (6.16)
m
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A little more algebra gives the compact result:

. (aT)W/aT -1
ru(E/m) = s (on)rJor (6.17)

The value forr, (K /) can be predicted by integrating £qQ.J6.5 on pagd 123:

IK
rulK/m) = 7o = 482 0 (6.18)
“w
where
= nAE,"
" ; aE, o 6.19
12 /EthCOSG 1 + 1'1EN0039/€K ;,LCOS ( )

T o= /00 AE,” I .
weo Eypcos6 1+ 1'1E#6039/67T nCOS .

and Ey,cos6 ~ 700 GeV, determined empirically from MINOS data. The partneg is defined

as
(1—7rg) 1—(rg)*t

(1—rg)1—(ry)*+t

n = 0.635 x r(K/m) = 0.365 x r(K/m) (6.21)

wherer(K/m) = ZNTI; [61] is the ratio of kaons to pions produced in the primarynsizsray
interactions. Inserting E._G.P1 into Hq. ©.18 and rearramgives an expression fof( K/) in
terms ofr, (K /m):

r(K/m) = 0.59 x r,(K/m) (6.22)

The parametetvy = 0.877+0.027 (statistical plus systematic errors) is measured by MINOS.
The parametefar), = 0.928 + 0.008 can be found using the pion-only model in Eq.$.10. In
order to finish the calculation, a measurement of the paemiet-) x must be made. A similar
expression to EQ.6.10 can be written for kaons if we assuatetily kaons produce the observed
muons. An equation can be derived from EQl 6.7, setting thie pbmponent to zero. This gives:

Y €K
=1 1 6.23
(ar)x =1/ v+ 11.1E, cos 6 T (6.23)

The parametefar) x = 0.63540.029 is found from a calculation made with this model. The
various input values needed to calculatg/</m) with Eq.[&1T are summarized in Talj[e]6.3 on
the next page. Putting these numbers into [EQ.]16.17 givgsK/7) = 0.21 + 0.08. Using



126

Table 6.3: Input values for-, (K /m) measurement with associated errors.
| Parameter | Value |
ar 0.877+ 0.027

(ar)x | 0.635+ 0.029
(ar). | 0.928+ 0.008

r,(K/m) and EqLE2R on the preceding page, a measurement of theofdt@mn production to
pion production for E 7 TeV, can be performed:

r(K/7) = 0.59 x (0.21 +0.08) = 0.12 + 0.05 (6.24)

A comparison of this measurement to other measurementovgrsim Fig.[6.9 on the following
page. These measurements don't directly compare becagisarth for different reactions
and only the MINOS result is for a reaction where the constityparticles do not have equivalent
transverse momenta. Nevertheless, they are all presentdtesame axes for a broad overview
of measurements that have been made.
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Figure 6.9: A compilation of selected measurementdofr for interactions of various center of

mass energies. The STARS value was from Au+Au collisionsFHH153], the NA49
measurement was from Pb+Pb collisions at SPS|[154, 155theni$&R measurement
was from P+P collision$ [152].



Chapter 7

Moon Shadow

Optical telescopes use a standard catalog of stars to isktéid resolution and pointing reliabil-
ity of a new instrument. This is not possible for a cosmic ratedtor, as there are no cosmic ray
sources available for calibration. There is a well obsemkdnomena in the otherwise isotropic
cosmic ray sky, though it is a deficit, not a source. It is int@ot for cosmic ray and neutrino
point source searches to study the resolution and poinfiagcosmic ray detector, and the moon
provides a means for this because it absorbs incident casyéc causing deficits from its loca-
tion. The physical extent and shape of the deficit gives mé&iron about the resolution of the
detector, while the location of the deficit center gives infation about the absolute pointing of
the detector. The moon had)&° diameter as viewed from Earth, and the cosmic ray deficit it
causes has been measured by air shower arrays (CYGNUS [IABA [158] , Tibet [159] ), as
well as underground detectors (Soudah Z2[160], MACROI[LE],,I183+C [162]).

Figure 7.1: The creation of the muon shadow of the Moon. Though the Mobitesuds a diameter
of a mere 0.5, it blocks sufficient Cosmic Ray primaries to makes its pneseknown.

MINOS observes underground muons with a minimum energy 6@V, and the sharply

128
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peaked energy spectrum has a mean value of about 1.0 TeVnmidas energy corresponds to
a mean primary energy of about 10 TeV. The moon deficit is tdfbby phenomena associated
with cosmic ray propagation and interaction resulting frggomagnetic fields, Interplanetary
Magnetic Field (IMF), multiple Coulomb scattering, etc. Kikie Coulomb scattering occurs in
the rock and causes a general spreading of the moon deficititi® geomagnetic field is nearly a
dipole, and causes an eastward deflection of positive pigsiarvhich results in relative east-west
shift in the observed shadow of magnitudé = 1.7°Z/E,(TeV') [163/164]. The IMF is caused
by the sun, which has an ambient dipole field that is 100 tinmeatgr than the geomagnetic field
at the same distance. This field is carried through the sg&es by the solar wind, the stream of
energetic charged particles that emanate from the atmospifiche sun. Since the sun has a 27
day rotation period, the magnetic field that is carried bygbkar wind has a spiral shape, called
a Parker spiral]165]. The IMF causes deflection of primattied strongly depends on the solar
wind, and its complex shape makes it very hard to model. THedklses a deflection that smears
the moon’s shadow, though this effect is small since a pgmniravels a relatively short distance
from the moon to Earth.

The sun also subtends a disk of diaméxéf as viewed from earth, and has sufficient size to
provide an observable sink in the cosmic ray sky. The the Bada@v is more difficult to observe
because is much farther away which gives the IMF more timeflecdt the charged cosmic rays,
and the sun’s own magnetic field further smears the edgesaldficit it causes. Both the solar
magnetic field and the IMF vary according to an 11 year soltiviaccycle that peaks as the sun’s
magnetic field changes polarity. The amount of solar agtimitreases as the sun approaches solar
maximum, when the sun’s dipole field changes polarity. Thetmerent solar maximum occurred
in February, 2001.

7.1 Data

7.1.1 Event Selection

This analysis encompassed events recorded over 1614 days,1f August 2003 - 31 Decem-
ber 2007, for a total of 1506.8 live-days. The data set iretu6l0.85 million cosmic ray induced
muon tracks. Cosmic ray muons were triggered by recorditg dn 4/5 planes or exceeding a
pulse-height threshold and were written to a temporary disRoudan and later sent to Fermilab
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for reconstruction. Several cuts were required to ensumettie detector was in a reliable state
when the data was taken (Pre-Analysis cuts) and that onliyaanstructed tracks were included

in the sample (Analysis cuts).

Pre-Analysis Run Cuts, Event Cuts

1. “Demuxing Failures”, where the demultiplexing algonitlwas unable to cleanly distinguish

a pixel hit from one strip over another.
2. “Bad Run”, 612 runs were excluded from the analysis fdirfgithe following criteria [60]:

(a) require physics data, runs must be more than 5 minutes

(b) Runs must contain “good physics data”, which includesew trigger bits, complete
readout, and minimal dead chips

(c) remove runs with anomalous rates: 0 dzosmic ray rate< 1 Hz

(d) remove runs that the Atmospheric Neutrino Analysis hagdéd as having far too

many contained events

3. “HV/COIL status error”, a muon was excluded if the magr@t was in an unknown or bad

state.

4. “Spill Trigger” Since the MINOS experiment is designednie@asure beam neutrino oscil-
lations, there is a different trigger used when the neutbeam pulses to maximize the
detection of beam-produced neutrinos. This trigger is éhasethe timing of the beam pulse
and it opens the detector to record all hits duringoa us window. The muon data that
is recorded+50 us of a beam pulse is excluded since it could be of terrestriatl,cosmic

origin.
Analysis Cuts

1. “Upward Going”, a track was excluded if it was reconsteacas upward goingos 6 < 0.1.

2. “Fit Quality”, a track Withxfcit < 0, ndf<1, or Xfcit/ndf > 1.5. A track that was poorly
reconstructed might not have reliable pointing.
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3. “Fiducial”, a muon vertex and end point in x and y must béde®f the detector

4. “Track Length< 1.55 m”, any event with a track shorter than 1.55 m may not bahiy
reconstructed.

5. “Number of Planes< 107, a track that passes fewer planes may not give reliabip st
information to the track fitter.

6. “A(outz, 0eng) > 0.021" If the endpoint position is well known but the vertex is nthten
the muon has questionable reconstruction pointing.

The parameter values for three of the analysis cuts, Traclgibe Number of Planes, and
A(oytz, 0enqg) Were determined empirically using lonte Carlosimulation of the cosmic ray
muon data. 7.5 million simulated muons were created in thk sorrounding the detector, then
propagated through the detector. These events were regctest using the same algorithms as
were used to process the data. These muons were simulateauitviegard for extra-terrestrial
objects (such as the moon), so to optimize the cut valuesntten was artificially inserted as
follows. A simulated muon was assigned an arrival time byosimy a random time out of the
Poisson distribution of mean valusT = 2.2 [166]. The location of the moon at that time was
found using Jet Propulsion Laboratory’s DE405 Fortran Epdes [167], accessed with the c-
version of Naval Observatory Vector Astronomy SubroutiM©VAS-c) [168]. NOVAS-c also
converted the DE405 rectangular coordinates to celesi@dinates relative to the location of the
Far Detector in latitude, longitude, and elevation, as welkcorrected for nutation, earthtilt and
precession. The one dimensional space angle separatibe afiion from the moon was found
using the Haversine formula[1169]. If the muon’s true angakparation from the moon was found
to be less than.26°, that muon was cast out, just as it would have been had thetparemic ray
actually encountered the moon.

The reconstructed muon angular separation from the maénwas binned inSy;,, = 0.10°
increments. Since radial distance from the center of themi®measured over a two dimensional
projection, the solid angle of bin (i) increases when mowngjfrom the center aAQ; = (2i —

1) % Spin . Weighting the number of events in each bin by the reciprottie area resulted in the
distribution N; /A;, the differential muon density. the distribution a functiof the form [160]:

AN,
AQ

A1 — (R2, /o) /27 (7.1)
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where\ is the average differential muon flux,accounts for smearing from detector resolution,
multiple Coulomb scattering and geomagnetic deflectionl, &p = 0.26°, the angular radius
of the moon. The significance of the deficit can be found bynfittio Eq[ZL on the preceding
page and finding the difference between thfsvalue and they? value obtained by a linear fit
to the same deficit. The deficit distribution was plotted forud on number of planes greater
than five, then incremented by one plane on up to greater thidy fThe significance of the
deficit was maximized if muons with at least 10 planes weréuthed. The same was done for
track length from 1 m to 4 m, incremented by 0.1 m, and the Sgmce was maximized if muons
with length at least 1.55m were included. This was repeated\{o ., o.q), Over the range
A(0ytz, 0eng) = 010 0.2, and the significance was maximized if muons Wittv .., 0eng) <
0.021 were included.

These cuts were applied to the muons in the data sample, anlbemuhat survived each cut
can be seen in Table 7.1.1.

Table 7.1: Number of events that survive each pointing cut

Total Tracks 67.99<10°
Cut Fraction Remaining
| Data Quality Cuts |
1. Reconstructed Tracks 0.8887
2. Good Run List 0.8754
3. Light Injection Remova 0.8713
4. Spill Removal 0.8712
Analysis Cuts
1. Fit Quality 0.821
2. Fiducial 0.800
3. Number of Planes: 10 0.727
4. Length<1.55m 0.714
5. A(0ytes Oena) >0.021 0.613

The number of muons collected near the moon’s and sun’sitwcater the duration of the
data set can be seen in Eigl7.2 on the next page. The numbeposmallected in a0° x 10° half
angle cone centered on the moon’s location is representdtetblack curve, the number collected
10° x 10° half angle cone centered on the sun’s location is repregdayt¢he red curve. The data
are binned in 13.66 day7},00n/2, Tinoon = 27.32 days) increments. The number of muons
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collected near the sun’s location is highly correlated tassa, which stands to reason given that
the sun’s position in the sky varies considerably througlioeyear as a result of earth’s orbit. The
number of muons collected near the moon’s location showsd s&rm oscillation that depends

on the moon’s orbital period. There are 91,097 muons in tifeangle cone centered on the
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Figure 7.2: The number of muons collected inl&° x 10° half angle cone centered on the moon’s
location (red curve) and sun’s location (black curve). Thtadare binned in 13.66 day
increments, which it half of the moon’s orbital period.

moon and 81,794 muons in the half angle cone centered on th& ke reason for this difference
is the detector is at a high latitude, thus the number of muotiscted in winter near the sun’s
location will be fewer as compared to the number collecteat tiee moon, as seen in FHig.17.2. The
data set includes four full yearly cycles plus an extra fiventhe, and those extra months come
after the summer solstice, so the amount of time the sun spealve the horizon (and the angle
of the sun above the horizon) continues to decrease as thoa @ogresses. This produces the
observed difference in statistics.
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7.1.2 Dimuons

The resolution of an underground detector is limited by fpldtCoulomb scattering in the sur-
rounding rock, the smearing effects of the geomagnetic mtedglanetary magnetic fields, as well
as the geometric limitation of the apparatus itself. The iamt effect 2070 mwe underground
is multiple Coulomb scattering since magnetic field effeldsrease with energy. In order to op-
timize the cuts for good pointing, what good pointing meamshie Far Detector must first be
determined. The resolution of the detector was found usitg Billion dimuons collected from
8/03-12/07. Each pair was required to have exactly two saskch that reconstruction difficulties
arising from demultiplexing three or more tracks were aedicind naoa priori choice of which
two tracks from an event should be used had to be made. Dinarereated by the same parent
cosmic ray, of sufficient energy to generate more than one@meBhe transverse momentum of
these pairs is negligible compared to their longitudinahmeatum, and they have angular separa-
tion < 0.05 at production[[16i1], thus their trajectories are essdgtdrallel. Thus, the amount
of angular separation these pair have gives a measure of hmlv spreading took place between
creation and detection, which is the effective resolutibthe detector. Pairs were excluded by the
same criteria used for single muons (see §ec.17.1.1 on[pahe 127 million muons survived,
and the distribution of their angular separation is showRigi[Z.3 on the next page  Resolution
is defined to be the angular separation where 68% of thellition lies, and this can be seen in
Fig.[Z3 on the following page. This value is 0.62 for MINOS.

7.1.3 Background Simulation

The background for this analysis was calculated using alsitfionte Carlosimulation that ex-
ploits two key features of the muons induced by cosmic ramaries: the time between consec-
utive cosmic ray arrivals follows the well known gamma disition (Poisson of order on€) [166]
and the cosmic ray sky is isotropic, Thus, a bootstrap methatdindependently chooses the ar-
rival time and location in space efficiently simulates a cimsray muon. This simulation chose
a muon out of the known distribution of events in the dete@tohorizon coordinates), paired it
with a random time chosen from the known time distributiond dound the muon’s location in
celestial coordinates. This was done for every muon to ereat background sample, and the
number of background samples is only limited by CPU avditsbi
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Figure 7.3: The angular separation in degrees of dimuon pairs. The shadgon represents 68% of
the distribution, which is the resolution of the detector.
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7.2 Moon Shadow

The location of the moon, and the separation of each muon thermoon (A6), was found using
the method described in Sdéc.7]1.1 on pagd 129 Ahalistribution is shown in Fig—714 with
statistical error bars. There is a deviation from a flat distion asf — 0, and that deviation is

attributed to muons blocked by the moon. A fit to Eql 7.1 on [ yieldsx% /ndf =
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Figure 7.4: The differential muon flux with respect to displacement friiv@a moon’s location,
binned in0.1°. The dashed curve is the result of a linear fit , while the solide is the
best fit from EqCZH on pade1131.

36.4/38, an improvement of 18.7 over the linear fit/ndf = 55.1/39), with parameters\ =
974 4+ 4.4 ando = 0.41 4 0.06°. The change in¢? over 38 degrees of freedom corresponds to a
3 x 1075 chance probability.

7.2.1 Two Dimensions

The one dimensional moonshadow is a good test of a deteptuiriing reliability and resolution,
but it assumes priori that the moon is located &6¢ = 0 and heavily weights the smalld
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bins to normalize to solid angle. Detector mis-alignmentijtiple Coulomb scattering in the rock
and the geomagnetic field can smear the trajectories of casiys and make the moon appear to
shift, which could obscure part of the deficit observed indhe dimensional moonshadow. A two
dimensional maximum likelihood grid search assumes naqudat location of the moon, and is
thus a more powerful tool to assess absolute detector pginti

The Far Detector Point Spread Function (FDPSF) is specifteattype, geometry and amount
of rock overburden, which determines the energy at whichmesawe sampled, the geometry of the
detector, and myriad other smearing effects. Dimuon evefifitis a means to determine the point
spread function since they are created with nearly pata#igdctories. The resulting distribution of
separation angles at the detector automatically accoanthdse smearing effects (see $ec. 7.1.2
on pagé134). To find the Far Detector point spread functiendistribution of dimuon separation
angles in celestial coordinateA R A - cos(Dec), A Dec) was found. ScalingARA by cos(Dec)
accounts for the differing solid angle subtended by an RAas#on at a given Dec. This is the
distribution of expected smearing of muon tracks in the Fatelbtor. A simpleMonte Carlowas
written to quantify the expected scattering about the mopadmding muons toward@5° disk.

If the muon fell in the region of the disk, it was excluded; étpan angular separation was selected
at random from the FDPSF. The resulting deficit the expediedteof the moon on Cosmic Ray
primaries observable in the Far Detector, and can be seeig.iiB on the next page.

One thousand background samples of the isotropic cosmiskyayvere generated using the
method in Sed_Z.11.3 on page134. These were averaged te arsatooth, isotropic background
grid, sorted in equal solid angle bifnsl0° on a side. The data were sorted in to a similar grid. A
grid search utilizing a log-likelihood method was employedind the most probable position of
a moon-like deficit. The moon template was placed at a fixedipogx,y) on the grid, and the
likelihood that (x,y) is the position of the moon with shadow strengthl; was found by:

Nbin Nobs
A,y L) =2 {N;h — NP 4+ N£% In ~r | (7.2)
=1 )

where N/* = NPak [ (., y), NP2 is the number of muons from the smoothed background grid
for (x,y). To determine the strength of this deficit, the paederA was defined as:

A= Nz,y,0) — XM=, y, L), (7.3)

which is a measure of the deviation from the null (no-moor)diiiesis.
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The two dimensional distribution of these deviations wamsaaslr on a2° x 2° grid, binned
in 0.10° on a side, and can be seen in Higl 7.6 for celestial coordindtiee greatest deficit is
A = 23.5, centered ori—0.15°, —0.15°). The distribution ofA is the same as forg? distribution
with one degree of freedom, $6=23.5 has & probability of6.5 x 107 (50).
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Figure 7.6: The two dimensional moon induced muon deficifinl deg? bins, in celestial
coordinates. The greatest deficitis= 23.5, centered orf—0.15°, —0.15°)

As a cross-check of the significanceVlante Carlomethod was used to create many thousands
of simulated (fake) moon grids were created using the sardegbaund method in SeE_7.1.3 on
page[I3K. Searching through many fake moon grids gave thmbitdy of randomly finding a
moon-like deficit for a particular value @f. Each2° x 2° grid allowed 160 searches, for a total
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of 95 million searches. There were 60 bins that had- 23.5 in celestial coordinates, thus the

chance probability of this deficit i6.3 x 10~7(5¢). The probability distribution can be seen in
Fig.[Z1.
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Figure 7.7: The distribution ofA values in celestial coordinates. There were 60 searchés wit
A > 23.5, which corresponds to a chance probabilitydftimes10~"(50). The arrow
denotes the position o, .

As mentioned in the introduction, the IMF could have somelkefiect on the moon shadow.
This is easily observed by dividing the data into separaténiight samples. Daytime is defined
here as when the sun’s zenith angle was less than zero, tiedive statistics into two samples.
The day-time sample contained 37,792 muons withifi’ax 10° window drawn around the moon,
while the night-time sample contained 53,305 muons withifiax 10° window drawn around
the moon. The reason for this difference is that the detestonly down for maintenance during
the day (the mine crew works from 7:30 AM to 5:30 PM), couplethwhe fact that more of the
data were collected in the fall and winter than spring andreem(see Se€._7.1.1 on pdgell29) .
Integrating over four and a half years accounts for the 25¢temse in muons collected near the
moon at night. The moon shadow observed during the day caedners Fig[ZB on the next page,
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while the moon shadow at night can be seen in[Eid. 7.9 on thanfislg page. The

Moon, night

1_ —]

A Dec

0.5

Figure 7.8: The distribution ofA values in celestial coordinates when the moon was visibledu
the night. The center of the deficit is @0.15°, —0.15°) .

center of the deficit is at—0.1°, —0.25°) for the data taken at night, with,,,,,, = 13.0, while
for the data taken at night, the center of the deficit i$-ab.15°, —0.15°), with A,,,, = 10.9.
The center offsets in both plots are consistent with theerasftthe moonshadow for the all-muon
sample, the 25% greaté\,,,., for the night-time sample is consistent with the expectafiom
25% greater statistics, and the su v, and A9 is consistent with\™/a!  Thus the IMF
has no measurable effect on the shadow of the moon as medgulkédNOS.
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Figure 7.9: The distribution ofA values in celestial coordinates when the moon was visibfngu
the day. The center of the deficit is@t0.1°, —0.25°) .
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7.3 Sun Shadow

The one dimensional shadowing procedure from Ee¢. 7.2 oa[ba§ and the two dimensional
log-likelihood analysis described in Séc._7]12.1 on pagd W86 performed for separation of
cosmic muons from the location of the sun. As viewed from Igdlte sun obscures the samg®
diameter disk as the moon. Historically, this has been a miffieult [BZ] measurement to make
for reasons already mentioned in the introduction.

The one dimensional sun shadow can be seen in(Eigl 7.10. Tharsignificant
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Figure 7.10: The differential muon flux with respect to displacement fritra sun’s location, binned
in 0.10°. The dashed curve is the calculated background, and a lfneaun effect) fit
givesx? /ndf = 55.5/39. The solid curve is the best fit from Hg.¥.1 on phgel 131. The
Gaussian (sun-induced deficit) fit gived /ndf = 41.6/38, with parameters
A =857.9+4.1ando = 0.41 +0.07°.

deficit in the location of the sun attributed to the sun’s king of the primary cosmic rays. The
improvement iny? of 13.9 (% /ndf = 55.5/39, x% /ndf = 41.6/38) corresponds to & x 10~*
chance probability. The Gaussian fit parametdor the sun shadow is consistent with the value
found by the fit to the moon shadow.
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The two dimensional sun shadow can be seen in[Eig] 7.11. Tha&,sk,. = 17.5, which has

ax? probability of1.6 x 107° (4.30). Fig.[ZI2 on the next page shows the distribution
Sun
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Figure 7.11: The two dimensional sun induced muon deficidifl deg? bins, in ecliptic
coordinates. The greatest deficits= 17.5, centered or{—0.20°,0.20°).

of significances for fake sun searches. There were 240 ssamit of 24.9 million that resulted
in a lambda max greater than 17.5, which gives4ax 10~>(4.3¢) chance probability.

A greater IMF means a less prominent sun shadow, so the si@gmif of the observable shad-
owing caused by the sun should decrease as the IMF decré&ires.the IMF is caused by solar
activity, the significance of observable shadowing shontildase as the number of sunspots, one
measure of solar activity, decreases. The number of mudfectad in al0° x 10° half angle
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Figure 7.12: The distribution ofA values in celestial coordinates for fake grids centerecherstin.
There were searches with > 17.5, which corresponds to a chance probability of
1.4 x 1073(4.30). The arrow denotes the position &f,, ..
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cone centered on the sun’s location can be seen in the blaek ofiFig.[Z.IB, while the number
of sunspots/day can be seen in the black curve. The muon datsirmed in 13.66 day incre-

ments. The last maximum of the 11 year solar cycle occurre2DDil, and the next
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Figure 7.13: The number of muons collected inl&° x 10° half angle cone centered on the sun’s
location (black curve), along with the number of sunspotdag (red curve). The
muon data are binned in 13.66 day increments.

minimum was predicted to occur in March, 2008 [170]. The fishspot of the solar cycle 24
was observed on January 4, 20087J171]. Eig.17.13 shows tte mainber of sunspots decreas-
ing toward a minimum at the end of 2007. To search for a cdicgldbetween solar activity and
strength of sun shadowing effects, the data were dividedfour separate one dimensional grids
of roughly equal statistics, and fit with both a linear curved a Gaussian (shadowing) curve.
The first period was Aug. 1, 2003 - Sep. 30, 2004, followed by. @c2004 - Oct. 31, 2005,
Nov. 1, 2005 - Nov. 30, 2006 and Dec. 1, 2006 - Dec. 31, 2007.sdlygaphs can be see in
Fig.[Z12 on the following page. There is an increase in ficanice of the sun
shadow which is correlated to the decrease in solar actgtihe sun approaches solar minimum.
The results of these fits are summarized in Ta. 7.3 on padeTht8significance of the shadow
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Figure 7.14: The differential muon flux with respect to displacement fritra sun’s location as a

function of year, binned i0.1°. The dashed curve is the calculated background, while
the solid curve is the best fit from dq.17.1 on phgd 131.



Table 7.2: Significance of each year’s sun shadow distributidn?® = x7 — x%

Aug. 1, 2003 - Sep. 30, 200

148.2318 - 46.0631

1.21 x 1071

Oct. 1, 2004 - Oct. 31, 2005

51.2708 - 48.64171

9.91 x 102

Nov. 1, 2005 - Nov. 31, 200¢

5 51.2831 - 41.1754

1.78 x 1073

Dec. 1, 2006 - Dec. 31, 200

736.3565 - 28.2734

8.83 x 104

seems to increase as the data is recorded further from sabdanmam.
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Chapter 8

Particle Astrophysics

Particle Astrophysics is a field still in its infancy. The nyatechnical challenges (the elusive
nature of the neutrino, the galactic magnetic field that defleharged cosmic rays, the power law
cosmic ray spectrum, the GZK effect) make it difficult indeechope for a catalog of particle
sources in any near term time frame. The same could have lagralsout all cosmic objects
at some point in history, and yet there are now fully devetbfields of observation spanning the
entire range of the electromagnetic spectrum, from 3001k22,x 10~ 12 eV radio t0300x 10'° Hz,
1.24 x 105 eV gamma ray. A number of papers have been written on searchesiitrino point
sources[|4,. 88,172, 113, 174] 88] diffuse astrophysicatrimeufluxes [175,176] and cosmic ray
point sources[[147]2], but no signal has yet been found (ky@N 1987A, Chldl on padé 1).
Thus, the field remains open.

In order that these searches were not biased and that taeisré were not increased un-
necessarily, blind analyses were performed. Cuts wereniggd with Monte Carloand initial
correlation investigations were performed witfonte Carloin the case of the search for an as-
trophysical cosmic ray source and fake GRB trigger timeslaodtions and muon data recorded
before the beginning of the Swift catalog (August 2003 - Noker 2004) in the case of the GRB
induced neutrino search.

149



150
8.1 Search for an Astrophysical Cosmic Ray Source

Before an individual source can be examined, an all-skyesumust be performed. Though
signals have been reported in only a very few locations osklgethe analysis must not be biased
by ana priori assumption of a source.

8.1.1 Statistics

An excess of muons in the context of this discussion is defaged signal above background
greater than the expected random fluctuation of the actgmhiworay background. The data set is
sufficiently large such that Gaussian statistics apply. Jigeificance of an observed number of
muons over background is given in terms of a Gaussian dewmiati

Nobs — Nback

D, = 2= 2% (8.1)
Nback

where N, is the number of observed muons aNg, . is the number of background muons. In
Gaussian statistics, a confidence limit of three or five sifnoim the expectation is a measure of
how likely it is that a given signal could be caused by a randtatistical background fluctuation.
A 3o deviation corresponds to a 0.27% likelihood that it is a lgasknd fluctuation mimicking a
signal, while a & deviation has a 0.000057% likelihood of background minmgksignal [173].
For a situation such as the one being investigated, simplyniina signal that deviates by %loes
not ensure a source detection since there are multiple biméhich the search is taking place.
A survey over multiple bins increases the trials factor fug search. For 32,000 bins, the actual
probability that constitutes & likelihood is .000068%, and for&o likelihood, 0.000000014%.
D, is the deviation that one would expect if an unbinned seamte werformed, if one were only
looking in one place for a signal. Therefore, to get a traed8tection, a deviation B=5.25 must
be found; for &, D,=6.7c is required.

Especially important to the search for a sensitive signaihéssignal-to-noise ratio. An un-
binned search is the most sensitive to the detection of &egliv9], but impractical for an all sky
survey with an instrument of limited angular resolutionh#ts been shown that a binned survey
is only 10% less sensitive if the bin size properly represené angular resolution of the instru-
ment [179]. To determine the proper bin size, a simjlente Carlowas written to simulate a
point source. The MINOS point spread function (9ec.T.1.2age13K) was used to simulate
the scattering that real muons would undergo while tramgrtie rock. A total of 1,000 simulated
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sources with excesses of 300 muons over background weredread the bin size was adjusted
to maximize the signal to noise ratio using the GaussiampeterD,. The background was taken
to be 9 events per half angle cof4 ° on a side, from the background near the moon described
in Sec[Z11B on pade1134. The bin size was adjusted frarmon a side in.1° increments to
allow more signal events. A histogram 6f; as a function of bin size can be seen in [Fig] 8.1.
The maximum signal to noise ratio was found with a bin radiug.45 °, which corresponds to a

0 0.5 1 15 2

r(®)

Figure 8.1: Simulated point source significance as a function of binugsdi

square binl ° on a side.

8.1.2 The Data

The data for the cosmic ray point source search were accteadufeom 1 August, 2003 until
31 December, 2007, numberirfg.9943 x 106 triggers. A number of data quality cuts were
performed to ensure that instrumental noise and detecstaibilities were removed from the data
sample (Sed—4l4 on pafel 61, and pointing cuts were perfotmedsure that the muon track
reliably pointed back to the sky (Séc.7]1.1 on pagd 129). ditimnal cut required zenith angle
to be less thafi6° because that was the limit of the rock map. After all cuts vegmglied, 61.26%
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of the data remained. The effect of these cuts can be seebie@a_2.

Table 8.1: Number of events that survive cuts for the cosmic ray souata set.

| Cut | Fraction Remaining ||
Total Triggers 67.99 x 10°
1. Data Quality Cuts (SeC. 4.4 on pdge 61) 0.8712
2. Pointing Cuts (Se€7.1.1 on pdgell29) 0.6127
3. Zenithe 76° 0.6126

8.1.3 The Search

From the simulated data, a master background histograml@st@d coordinates of equal solid
angle,« and sing), was created. A problem arises, however, when a sourceigedi into two
bins. This occurs if the signal location falls along the Iretween adjacent cones. This would be
comparable to having a bin size that is too small; the soum@dvbe divided up and potentially
lost, given the subtlety of the excess that is sought. Toamree this difficulty, four interdependent
analyses were performed, with each one shifting the binoinfpe data histogram slightly such
that if a source were divided amongst bins in one grid, it wWoubt be in the next. The first
analysis, Survey 1, used the exact same binning as the lmacidyrwhile Survey 2, used bins
shifted in« by half a bin width (0.5), keepingd the same. Survey 3 used bins shifteldy a half
bin width with o the same, while Survey 4 shifted both a half of a bin width. The surveys,
as described, make sure that any source divided betweermnbimg survey will not be divide in
another survey. The all-sky cosmic ray muon surveys canédreisd-igs[ 8.2 on the next pade.18.3
on pagd_1594, 814 on pafe155, 8.5 on pagk 156. The rektivepy

is broken by pockets of excess. The question now becomes:dAy of the excesses greater than
the expectation of random background fluctuations?”.

Averaging 1000 simulations of the data set allows for a venpath background determina-
tion. In the absence of a source, the subtraction of the dmasonulated background from the
data will give a value of zero in most cases, with the expectdlom fluctuations surrounding
the mean. The background subtracted data is shown for edtle édur surveys in figure_8.6 on
page1hl, fit with a Gaussian distribution. The four distiitms have been normalized to
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Figure 8.2: The signal above backgrounfd{) for the sky visible to the Far Detector in celestial
coordinates for Survey 1. The horizontal grid lines repné&éeh or30 °, the vertical scale
is in degrees, and the color scale is signal stredgh
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Figure 8.3: The signal above background{) for the sky visible to the Far Detector in celestial
coordinates for Survey 2. The horizontal grid lines repné&eh or30 °, the vertical scale
is in degrees, and the color scale is signal stredgh
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Figure 8.4: The signal above backgrounfd{) for the sky visible to the Far Detector in celestial
coordinates for Survey 3. The horizontal grid lines repné&eh or30 °, the vertical scale
is in degrees, and the color scale is signal stredgh
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Figure 8.5: The signal above background{) for the sky visible to the Far Detector in celestial
coordinates for Survey 4. The horizontal grid lines repne2d or30 °, the vertical scale
is in degrees, and the color scale is signal stredgh
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Figure 8.6: Histograms of the background reduced data for each of theskarches. The horizontal
scale is measured in units of deviations from the mean. Tpewupft survey is with the
data centered on the background grid, upper right is withddta shifted 0.5in «, lower
left is with a data shift of 0.5in ¢, and the lower right is with both coordinates shifted by
0.5.

D, and so are given in terms of deviations from the mean, whiaeiis. The width of the distri-
bution is then one, as expected. No significant excessesnanediately obvious from these fits,
however the overall statistical fluctuation for each disttion is easily seen. Any possible cosmic
ray signal will exist in the tails of the normal distributiomhere the deviations are significant,
not random, so a more careful look at these regions is neges8aable of fit parameters and
histogram statistics is shown in talple]8.2 on the followiag for each of the four surveys. The
mean is as expected, very nearly zero, while the width is oneTab[8B on the next page shows
the combined survey data, with each survey listed sepgraféle method of shifting the survey
grid is verified by the lack of redundancy in excess (defic#tjedtions. None of the survey bins
out of the five with [}, greater than 4.5 were the same between different survetsisihad been



Table 8.2: The statistics for the Gaussian fit to each search.

Survey

Mean

o Indf

1 (centered)| 0.048:0.0049

1.008£0.003

75/78

2 (a shifted) | 0.046:0.0049

1.014+0.003

75/78

3 (0 shifted) | 0.33£0.0059

1.2+0.004

99/93

4 (o, 0 shift) | 0.34+0.0060

1.2+-0.004

113/89
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the case, and if there really was a signal, the likelihoothefdetection would be increased over a

single survey. These four surveys are not independent, yewso the likelihood of a detection is

not increased by four as a result of these surveys. The paigfadis method is not to extend the

statistics of the survey, itis to catch a signal that is ddddhto two bins.

Table 8.3: The bins in the All Sky Survey with Pgreater than 4.3y is given in hours to be

consistent with standard astronomical units.

Any deviation that is

Position (), 5(°)) | Nobs | Nback | Probability (%) | D,
4 (0.17, 83.96) 2657 | 2928.8 0.0220 -5.0
3(0.75, 83.96) 2639 | 2931.6 0.0028 -5.4
4 (0.75, 83.96) 2633 | 2931.6 0.0015 -5.5
4 (2.00, 83.96) 2654 | 2928.9 0.0163 -5.0
3(3.83,-21.17) 96 58.3 0.0354 4.9
3(4.96, -24.98) 253 | 187.2 0.0664 4.8
4 (4.96, -24.98) 256 | 187.2 0.0216 5.0
2 (6.33, 72.85) 2410 | 2201.1 0.3680 4.4
3(7.12, 67.25) 1445| 1257.1 0.0050 5.3
4 (7.62, 83.96) 2656 | 2918.8 0.0497 -4.9
1(9.29, 45.33) | 1413 1260.4 0.7435 4.3
4 (10.45, 83.96) | 2622 | 2921.7 0.0012 -5.5
2(10.92,68.97) | 1796 | 1607.2 0.1078 4.7
4 (11.08, 83.96) | 2645| 2928.0 0.0073 -5.2
4 (14.62, 83.96) | 2659 | 2930.5 0.0229 -5.0

greater than “3” (D, > 5.2) from an isotropic sky is significant. With a 0.27% chanceasfdom

fluctuations mimicking a signal at this level, should a syrem have such a large deviation from

the mean, a true source detection in that bin is likely. Adaiflall the bins withD, > 5.2 (the

“three sigma” level) can be seen in tablel8.3. The probahgiven is the likelihood that such a

value is a statistical fluctuation as opposed to a signalreTiseonly one bin that indeed pass the
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“three sigma” figure of merit for reporting a rare occurrennene of them are in the region of a
known astrophysical object, such as an x-ray binaryI[180réMmportant to the suggestion of a
signal is the fact that there are many areas of equivalerdtivegdeviation. In all, there are nine
regions of excess beyond the three sigma level, while thereseven regions of deficit. Surely,
the number of regions of deficit with this magnitude indicatatistical fluctuations. Though it
is possible that a source lies in one of the regions of exabssgreater number of regions of
equivalent deficit belie a statistical deviation, not a tsignal. The symmetry of these deviations
is consistent with the Gaussian distribution for randomkigeaund fluctuation.

8.1.4 Cosmic Ray Flux Limits

In the absence of a statistically significant signal, linoitsthe the cosmic ray flux can be set for a
source existing in an individual region of the sky. This is tipper limit to the cosmic-ray induced
muon flux from a particular source that could be observed byRar Detector. If there were a
cosmic ray source, it must have a flux greater than this valusetobserved. This answers the
guestion “how sensitive was the search?” and allows corsgarivith other experiments.
The flux limit with 95% confidence can be found using the exgimes
Tu(95%) < 0.5226?6)(19456;?()9)75(9)Cm_QS_l

where(2 is the solid angle of a particular bin in celestial coord@sata, sin d). For a Gaussian

(8.2)

distribution of statistical fluctuations,,(95%) can be written[[181]:
2 o0 e_("u_ﬁu)Q/zaz
VT S, (95%) V20

wheren,, = nobs — Mhack ando? = nep,s The three terms in the denominator that depend on angle,

dn,, = 0.05 (8.3)

e(2), A (Q),t(2), also depend implicitly on time since the calculation isngeperformed in
celestial coordinates, and the location of the detectangds continuously with respect to celestial
coordinates because it is at a fixed place on a rotating eHinrse values can be found for bin i:

() = /0 7 /O "~ / e(,0,)dpdOdt (8.4)

2 76°
Am@) = [ /0 [ Ac6.0.11dsd01 (8.5)

o

HOY) = /0% /0 K / t(¢,0,t)dpd0dt. (8.6)
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The 95% confidence flux limits can be seen in fiduré 8.7 on thepape.
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90° x10°12

Figure 8.7: The 95% confidence flux limits for the Far Detector in celéstigrdinates. The
horizontal grid lines represent 2 h 80 °, the vertical scale is in degrees, and the color
scale is the flux limit in unitsV,,cm=2s~1.
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8.2 Search for Gamma Ray Burst Particle Signature

A gamma ray burst is a catastrophic event that briefly floodsky with highly energetic photons
(See Ch[ZI2 on padel25). The gamma ray sky is relatively ,qsteGRBs outshine all other
gamma ray sources combined, including the sun. The redtitiviireball that expands rapidly
outward from the central engine of the GRB creates an enosraback wave when it encounters
the ISM, which accelerates protonsit®!® eV. This leads to pion production when these protons
interact with thel0° eV photons carrying the bulk of the fireball enerdy [3], whictcag to pro-
duce neutrinos. Neutrinos have become a golden channeldstigate GRBs because they are
transparent to magnetic fields, the GRB shock wave and al tifht matter. Many searches have
been carried out, with no signal yet reportet [4[88, 5].

8.2.1 The Data

The Swift Gamma Ray observatory (Ch.-2]3.4 on dage 33) hasdizserving GRBs and making
rapid afterglow measurements since December 2004. Thabowlition’s first data catalog was
published in July, 2007 and contained spectral data andigrusifor 237 GRBI[182]. These GRB
were distributed uniformly, consistent with extra-galaatrigin, and this distribution can be seen
in Fig.[8:8 on the following page. GRBs are divided into twowgps, long Ty, the time
to 90% fluence, greater than 2 s) and short, with distinctifedint physical processes describing
each group. This difference is indicated on the GRB skymadb thie long GRBs represented by
black circles, and the short GRBs represented by red circles

The quality of timing information is very important to neinio identification since the zenith
angle distribution of detector events is asymmetric (see[&é on pagE86). The beginning muon
data set for this analysis are the 37.485 million eventectdd from 1 August, 2003 through 31
December 2007, after pointing cuts were applied (see[SEd @n pagéI29). Downward going
(cosmic ray induced) events outnumber upward going (meutriduced) events by a factor td°,
and a timing error could have the result that the vertex ambpgint of a track are swapped, so a
cosmic ray muon could be reconstructed as a neutrino caledés/ant. Only a detector with good
timing resolution can separate upward going from downwaidgevents. The timing resolution
of the Far Detector can be seen in Higl]8.9 on dagé 164. The wadad of 2.6 ns is sufficient
to separate downward from upward going tracks. The diraatibthe track (upward or
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Figure 8.8: The distribution of GRB for the first Swift catalog in celedtcoordinates. The
horizontal grid lines represent 2 h 80 © and the vertical scale is in degrees. The black
circles denote long GRBs, the red circles denote short GRBs.
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Figure 8.9: The timing resolution of the Far Detector.
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downward) was determined by plotting the time differedc€ (ns) of each hit along the track as
a function of its distancé& S (m) from the first hit. If they positions of the hits increase along the
length of the trackAS is positive; fory decreasing along the track,S is negative. An example
of this fitting procedure can be seen in Hig._8.10, for a tradth i\good” timing information.
Upward-going events have a positive slope for the straiiiat fit to the AT'/AS distribution.

SOF T T T T T T
40
230
520

10

0 ;1|0 8 -flil ~4 2 0
AS (m)

Figure 8.10: The track slope measurement for a track with high qualityrtgrinformation.

To ensure that only events with good timing information aetested, three additional cuts are
applied [118]:

1. “Double Ended Strip Cut”, to ensure the presence of seffictiming information in the
events, tracks were excluded if the number of strips witthwignals on both ends were
fewer than half .

2. “X%/B/ndf < 3.0 Cut”, requirexf/ﬁ/ndf < 3.0 for an event.

3. “Directionality Cut”, the slope of the line fit to the hits @ function of theiny positions
must agree with the reconstructed incoming direction ofttaek.



166
After these additional cuts 34.99 million events remairaabut half of the total number of trig-
gers. The effect of these cuts on the data set can be seenl@lB[@0. These data will be used
to search for a correlation between a gamma ray burst andimeut The zenith angle

Table 8.4: Number of events that survive each timing cut.
| Cut | Fraction Remaining ||
Total Triggers 67.99 x 10°

1. Data Quality Cuts (SeC. 4.4 on pdge 61) 0.8712
2. Pointing Cuts (Se€.7.1.1 on pdgell29) 0.612657

3. Double Ended Strip Cut 0.528657
4. X% 1 ndf <3.0 0.514576
5. Directionality Cut 0.514571

distribution of muons after timing cuts can be seen in Eifili&n the following page. The fall off
ascos § — 0 reflects the power law energy energy spectrum of cosmic raynsiand increasing
rock depth. Matter is practically transparent to neutrinag the flattening of the distribution for
cos f < 0 reflects the neutrino origin of these muons.

8.2.2 Search for GRB and Neutrino Coincidence

The reported Swift position error is less than 7(0.75°), and most often 2.0(0.5°) which is
nearly an order of magnitude improvement over previousumsénts. The pointing resolution for
muons in the Far Detector &6 °, but the kinematics of the interaction between neutrinas an
nucleons reduces the resolution of the measurement. Thamgie between a neutrino and the
muon it produces i8.7° [B8]. From these considerationsj a half angle cone was chosen as the
angular separation to be considered spatially coincident.

The most often compared theory of neutrinos produced by GRB®t they are produced in
the skywave of the expanding fireball at the same time as timergerays, and that the shock wave
is transparent to both the gamma rays and neutrinos (se@3€et.on pagé26). Thus, neutrinos
and gamma rays should arrive at the same time (unlike supgenavhere a burst of neutrinos
precedes the outburst of photons). The longest duration (BRIBe Swift catalog, GRB060929,
hadTy, = 554 s, while the shortest, GRB050925, lag = 0.07 s. There were 15 GRB that did
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Figure 8.11: The zenith angle distribution of muons after timing cuts.

Upward going muons are distinguished from downward goingmswsingl /3, and the
distribution of1// can be seen in Fig_8112 on the next page.
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Figure 8.12: The1/p distribution of muons after timing cuts. Muons witli3 > 0 were created by
meson decay in the atmosphere and propagated down to thetateteough the rock,
while muons withl /5 < 0 were created by neutrino interactions in the rock.
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not haveTy, information for various reasons including instrumentalui@s or incomplete data.
Rather than excluding these events from the search, it veasres] that they were simply short
GRBs and assigney) = 2s. This is valid because the gamma ray sky is so quiet, teoibt
known about gamma ray progenitors, and if some of the infdonds lost, it is not possible to
recoverly, since it is an integration.

Because the GRB and muon data are so well known in space amdritiew of time around
each GRB is relatively small, the background on the seargfirismal. The average muon rate af-
ter timing cuts were applied is 0.27 Hz. Considering thataberage GRBy, is 70 s, 10 s before
and afterTyy are added to the time search window, and that aalf angle cone search window is
used, 0.037 events would be expected in each search windowau@e the background depends
on bin solid angle, so a background map was constructed fnenkriown contribution of atmo-
spheric neutrinos and cosmic ray muons. The cosmic ray manotrilbution to the background
was calculated using thidonte Carlodescribed in Se€._8.1.3 on pdgell52. The atmospheric neu-
trino contribution to the background was calculated usimgMonte Carlodescribed ifz413 on
pagd®l. A contained vertex sample was generated equiald®00 years of Far Detector, and
an uncontained vertex sample was generated equivalentO® Yars of Far Detector running.
These samples were scaled to the 4.12 year total livetime.s@me cuts described in SEc.8.2.1
on pagd_182 were applied to these thhdente Carlosamples, and they were put in a histogram
with square bins equivalent to the solid angle 6f°ahalf angle cone, scaled by the 90 s mean time
window. This histogram can be seen in fig_8.13 on the folhgwpage Neutrinos interact in
the rock above the detector and generate muons just as aftémeyado below the detector. Or-
dinarily, the signal from these downward going neutrinoshiscured by the much higher cosmic
ray induced muon flux, so neutrino analyses are restrictagpteard going or contained vertex
events. Using only upward going events restricts the sehfetsky by half, and contained vertex
events are lower energy, so their pointing is worse than.

All 34.99 million muons that pass the cuts were used in théyaisa which is a departure from
all previous analyses, which only used events positivadypiified as neutrino induced. This is not
necessary because backgrounds are quantified and low, egscthbin one event for every search
window. This allowed for the first search for a GRB neutrindnc@ence in the energy range
102 GeV < E, < 10° GeV in the northern sky. MACRCJ4] used only upward going muond an
S0 was insensitive to the northern sky, Supel-K [88] useg pattially contained events, which
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Figure 8.13: The background distribution of muons in the Far Detectormilestial coordinates. This
distribution includes contributions from both cosmic raydatmospheric neutrino
induced muons.
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have an average energy of 10 GeV, and AMANDA/IceClibe [5] hhssshold energy af0° GeV.
It is in this small region of space that the MINOS exploredtfar first time.

To perform the search, a time window 6§, + 10s was drawn around the trigger time for
each burst. For muons within this window, the angular sejmrdrom the GRB trigger location
was calculated. If it was found to be within thé half angle cone, it was considered coincident.
A list of GRBs with coincident muons observations can be sediable[8ZP. Also listed are the
expected background and probability of such a coincidercerdng by chance.

Table 8.5: GRBs with a coincident neutrino signal.
H GRB ‘ Too ‘ Nobs ‘ kag ‘ Prob (%) H
041220(291.3°,60.6°) 5.6 2 0.0402 0.18
050421(307.3°,73.6°) 15 0.0651 14.46
050505(141.8°,30.2°) 58.9 0.0584 13.06
050607(300.2°,9.1°) 26.4 0.0585 13.09

050712(77.7°,64.9°) 51.6 0.1325| 27.50
050713A(320.6°,77.0°) | 124.7 0.8086 9.30
050713B(307.8°,60.9°) | 54.2 0.0276 6.37
050716(338.6°, 38.6°) 69.1 0.1087 1.26

1

1

1

1

3

1

2
060111B(286.5°,70.3°) | 58.8 | 1 | 0.1461| 29.91
060204B(211.8°,27.6°) | 139.4| 1 |0.1193] 25.10
060428B(235.4°,62.0°) | 57.9 | 2 |0.1232] 1.59
060502A(240.9°,66.6°) | 28.4 | 1 | 0.0900] 19.50
060507(89.9°,75.2°) | 183.3| 3 | 1.6645| 4.78
060515(127.3°,73.5°) | 52 | 1 |0.1330] 27.60
060906(40.7°, 30.3°) 435 1 |0.0477| 10.79
060929(263.1°,29.8°) | 554 | 1 | 0.4366| 66.87
061110B(323.9°,6.8°) | 134 | 1 | 0.0919| 19.86
061126(86.6°, 64.2°) 708 | 2 | 1.6645| 4.78
070518(254.2°,55.2°) | 55 | 1 |0.0201| 4.66
070521(242.7°,30.2°) | 37.9 | 1 |0.0438] 9.93
070531(6.7°, 74.3°) 445 1 |0.1196] 25.14
070616(32.1°,56.9°) | 402.4| 3 | 0.9975| 14.46
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8.2.3 Flux Limit on Neutrino Production in GRBs

In the absence of a statistically significant signal, a liomtthe number of neutrinos emitted by
a GRB can be placed. This is slightly more complicated thanlithit discussed in Se€_8.1.4
on pagd_199 because the signal is being observed indir@ttiguons created by neutrinos that
may have been created by a GRB. The question of an upper linmieatrino detection from zero

muons observed involves the size of the detector, the amamahtype of rock surrounding the

detector, and the neutrino spectrum produced by a GRB. Theflmuons induced by a neutrino

source of spectrun®, (E,) o« E~7 at declinationy can be written[[4]:

maxr
Ej

do,
@, (B E,,6) = Na /E . dEL(EZL,EV)RCH(E:L,Eth)AOg(é)e(EZL,5)<I>,,(Eu)dEZL, (8.7)
I

where N 4 is Avogadro’s numbere(EL, 0) is the efficiency as a function of muon energy, calcu-
lated using the detectdfonte CarldSec[4.B on padeb7). The effective muon rarige,( £, Efj’),
is given by the probability that a muon of ener@y, has energy above threshalgf”, after prop-
agating distance X: .

R (L, EI") = /O Pauen(E, EIM)dX (8.8)

The probability of muon survival was calculated with thetu muon propagation routing [183].
The cross section as a function of energy was found fioml [1@3]20 GeV for deep inelastic
scattering (DIS). The DIS cross section for a neutrino sclj on a nucleon increases linearly
above 120 Ge\M[184], so the cross section was extrapolatei dd TeV.

Now that the number of detected muons has been related toarwhbeutrinos observed, a
90% confidence flux limit can be calculated in a similar waytes35% confidence flux limit in
Sec[8TMU on pade 159:

n,(90%)
o (90%) < (V) Aet (QtarB
wheretgrp is the time window that was used for the particular GRB. THaeéorn,,(90%) can
be found from a convolution of ER.8.7 and the 90% confidenoé for a small signall[185]:

S —HMbk
/ =010 (8.10)
n

L(90%)  Tbkg:

GeVem 2571, (8.9)

where the function LnGamnfay,, ) = nikg! for a decimaby,, value. Heren,, (90%) is the 90%
confidence upper limit of background fluctuations mimickengignal. Assuming the Waxman-
Bahcall spectral index = 2, J,,(90%) was calculated for eacit half angle cone of the sky that
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contained a GRB. These limits can be seen in[Eigl]8.14. Thelletive upper flux limit was

>2110'6

3.5

-90°

Figure 8.14: The neutrino flux limit assuming a Waxman-Bahcall spectrdkeix. The horizontal grid
lines represent 2 h &0 °, the vertical scale is in degrees, and the color scale is
J,(90%) in units of GeVem 2571,

found by [4]:
Nops — kag +1.28- RMS

VNGrB - (Aett) D _tGRB
where RMS is the root mean squared of the distributiom 0f90%). This gives®;;,,,(90% =

(8.11)

1.7 x 108 GeVem ™25~ !, assuming a Waxman-Bahcall spectrum. This value was cadgar
the Waxman-Bahcall prediction as well as other experimdintéts in Fig. on the next page.
This new limit is slightly better than the MACR®1[4] and AMANDIE] limits as well as the
theoretical limit set by cosmic raysl[@, 7], but does not ¢a@is the model.
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Figure 8.15: The Waxman-Bahcall GRB neutrino flux limit (solid red lina)png with the
Waxman-Bahcall limit from cosmic rays (dashed red liné)]6 Flux limits from
MACRO [], Super-K[88], AMANDA [5], and MINOS are shown in &tk lines,

calculated assuming a Waxman-Bahcall spectrum.
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Chapter 9

Conclusions

A four year sample of 53.12 million cosmic ray induced muoas heen collected by the MINOS
Far Detector and daily rate fluctuations have been comparedily fluctuations in atmospheric
temperature. These distributions were shown to be highiyetaded, with a correlation coeffi-
cient of 0.906. The constant of proportionality relating tivo distributions,ar, was found to
be 0.877 £ 0.010(stat.) £ 0.017(syst.). This value is in good agreement with the theoretical
expectation of o) = 0.865 £+ 0.015. A measurement of the temperature dependence on the rate
of u* separate fromu~ was performed for the first time. There was no statisticatipigicant dif-
ference between,(u™) andar(p~). Additionally, r, the charge ratio temperature coefficient,
was found to be consistent with zero. Thus, there is no obdetemperature dependence on the
muon charge ratio.

The experimental value ef for the combined muon sample has the lowest uncertaintyyof an
such measurement. While other experiments have estimateazifect of atmospheric temperature
on kaon induced muon&_[59, 133], this is the first result tontjfilathe kaon-inclusive effective
temperature coefficient, which includes the effect of muimkiced by kaons. There isZo
difference in the pion only model[183] and the new Kiodel was applied to measure tRigr =
0.21 £ 0.08 in airshowers forf, > 7TeV.

Using 41.66 million muons accumulated over 1506.8 livesjdlye MINOS Far Detector ob-
served the cosmic ray shadow of the moon with a high signifieaThe one dimensional event
deficit near the moon has a chance probabilitp &f10~?, and this was used to quantify the effec-
tive angular resolution of the detectér41+0.06°. The two dimensional moon shadow was found
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with a significance ob x 10~7, centered or{—0.05°, —0.05°), which suggests that the absolute
pointing of the detector i8.05 4+ 0.10°. No significant IMF effect on the moon shadowing signal
was seen. The cosmic ray shadow of the sun over the same tinoel peas measured, in one
dimension with a chance probability ¢f< 10~*, and in two dimensions with a chance probability
of 2 x 1077, centered or{—0.20°,0.20°). The shadowing strength is consistent with the moon
shadow, within the limit of fewer statistics, and the diggment is consistent with IMF effects.
The shadow of the sun was observed separately over four arepgeiods, and the shadowing
strength increased as the sun approached solar minimum.

Using 41.66 million muons accumulated over 1506.8 livesdagd a smooth background,
a search was performed for a cosmic ray point source. There we average 400 events per
1deg? bin, and there were as many bins with significant deficits ghal events as significant
excesses of sighal events. no bin had an excess greate¥ dharhich suggests that no source was
observed. In the absence of a source, 95% confidence flux limgite placed on muon sources.
The lowest limit wa2.7 x 10716 cm~2s~!, which is comparable to the previous best limit set by
MACRO [1Z].

A search for coincidence between neutrinos and gamma ragtsbinr the Swift catalog was
performed. The neutrino data set comprised 34.99 millioomsuwhile the GRB catalog included
237 GRB recorded from December, 2004 until June 2007. A bdar¢cime and space coincidence
between events in the Far Detector and GRB triggers wasrnpaefy and no significant signal was
found. In the absence of a significant signal, 90% confidenpelifhits were on the production
of neutrinos in GRB. Assuming a Waxman-Bahcall neutrincspen, the average 90% flux limit
was found to bd.7 x 1078 GeVem~2s~!. This new limit is slightly better than the MACRQOI[4]
and AMANDA [5] limits as well as the theoretical limit set bysmic rays([5.17], but does not
constrain the model.

In the thirty years since their discovery, many mysteriesualisRBs have been solved, but
nearly as many have been uncovered. The prospect of obg€pRBs in neutrinos is exciting both
from the particle astrophysics perspective as well as threraamical perspective. The IceCube
neutrino detector was built to do just this, and when it is ptate in 2010 it will have a square
kilometer of detector area as well as a large catalog of padfninteresting objects from GLAST.
IceCube’s sensitivity to neutrinos falls off rapidly beld®0 TeV, and it is in this region that
MINOS can make a contribution. This analysis representditsieattempt at finding a neutrino
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signal from gamma ray bursts, and will hopefully pave the aybetter, brighter analyses. As
long as we are curious, there is no limit to discovery.
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